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Abstract   

The dengue virus (DENV) genome contains cis-acting RNA structures and 

undergoes structural rearrangement between alternative linear and cyclised 

conformations. Cyclisation is essential for the initiation of viral genome replication 

and involves remodeling of local RNA structures to transfer the RNA- dependent 

RNA polymerase (RdRp) from a 5ˊ promoter (stem-loop A (SLA)) to the 3ˊ 

promoter. The RNA/protein interactions involved in stabilising/initiating DENV 

genome conformational switching remain unclear. The 5ˊupstream of AUG flanking 

stem (UFS) at the base of stem-loop B (SLB) is suggested to be a regulatory 

element controlling the conformational change, yet its structure and influence 

remain uncertain in the context of the full-length viral genome and during active 

virus replication. The aim of this study was to analyse DENV genome/protein 

conformational changes associated with the initiation of viral genome replication.  

To investigate the role of DENV-2 RdRp in initiating RNA conformational change 

and to interrogate RdRp structural changes associated with the initiation of 

replication, DENV-2 RdRp was expressed, purified and activity confirmed. X-ray 

crystallography was used to solve the first molecular structure of DENV-2 RdRp, 

presented here at 2.2 Å resolution, and RdRp/promoter RNA co-crystallization was 

attempted.  

The influence of viral/host cell factors on initiation/stabilisation of RNA 

conformational changes within the DENV genome, associated with the initiation of 

genome replication, was investigated using Selective 2’ Hydroxyl Acylation 

Analysed by Primer Extension (SHAPE) mapping. In vitro, we observed that RdRp 

and trans-activating factors destabilise local RNA structures, increasing the 

flexibility of adjacent unpaired regions. We hypothesise that this is the first step in 

genomic cyclisation - a critical stage in DENV negative-strand replication. 

Furthermore, we optimized a novel technique of intracellular SHAPE, mapping 

DENV RNA structure inside the cell during active viral replication. Intracellularly, 

we observed the linear genomic form to be prevalent in the host cell cytosol. In 

contrast, at the sites of DENV genome replication, within active viral replication 

complexes, the circular genomic conformation was observed.  
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1.1 General introduction  

Flaviviruses such as dengue virus (DENV) represent an important public health 

concern whereby 40% of the global population are at risk of infection (Ye et al., 

2015). Without direct acting anti-virals or a widely accessible vaccine, the DENV 

life-cycle demands interrogation to broaden our knowledge at the molecular level 

- identifying critical anti-viral targets. For example, DENV replication provides one 

such target. However, critical protein/RNA interactions during this fundamental life-

cycle stage remain understudied. Therefore, interrogating the replication cycle of 

DENV, focusing on protein and RNA structure during replication would increase 

our knowledge of viral replication across the Flavivirus genus and act to elucidate 

critical anti-viral targets. 

 

1.1.1 The Flaviviridae family, Flaviviruses and the emergence of DENV 

The Flaviviridae are a family of positive sense, single-stranded, enveloped RNA 

viruses with fundamental differences in host-range and transmissibility. The name 

Flaviviridae is derived from Yellow Fever virus (YFV). Flavus is the latin word for 

yellow and eludes to the jaundice pathology of YFV, the prototype virus of this 

family.  

The Flaviviridae family includes four genera – Flavivirus, Pestivirus, Hepacivirus 

and Pegivirus (Fig.  1). Major diseases caused by the Flaviviridae family include 

dengue fever/ shock syndrome, Hepatitis C virus (HCV) associated complications 

such as liver disease and hepatocellular carcinoma, West Nile virus (WNV) 

associated encephalitis, Yellow fever and congenital Zika syndrome and therefore 

contribute a substantial risk to public health.  
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Figure 1 The Flaviviridae family: 

Phylogentic tree based on aligned amino acid conserved motifs of the RdRp. Distance 
scale shown corresponding to amino acid substitutions per position. The Flavivirus DENV, 
the subject of this thesis, is highlighted in red. Adapted from (Romero-Brey and 
Bartenschlager, 2014) 
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The genus Flavivirus comprises over 70 viruses with members, such as DENV and 

Japanese Encephalitis virus (JEV), representing important human pathogens. 

Despite similar genomic organisation the Flaviviruses possess fundamental 

differences in their host range and transmissibility. Most Flaviviruses, such as 

DENV, are transmitted horizontally between hematophagous arthropods and 

vertebrate hosts and are therefore dual-host viruses. Dual host viruses can be 

further divided into mosquito/vertebrate and tick/vertebrate viruses. DENV is one 

such mosquito/vertebrate virus. Tick/vertebrate Flaviviruses associated with 

serious human disease include Tick-borne encephalitis virus  and Powassan virus 

(Blitvich and Firth, 2015) (Fig. 2).  

In contrast, not all Flaviviruses cycle between arthropods and vertebrates. 

Vertebrate specific Flaviviruses have been identified termed No Known Vector 

(NKV) Flaviviruses. NKV viruses can be further divided into two groups: those 

isolated exclusively from rodents, for example Modoc virus, and those isolated 

from bats, for example Rio Bravo virus, which are maintained in nature by 

horizontal transmission among hosts (Fairbrother and Yuill, 1987).  Additionally, 

Insect-specific Flaviviruses (ISFs) can be divided into two groups: classical ISFs 

(cISFs) and dual-host affiliated ISFs (dISFs).  cISFs named due to the fact that 

they were discovered first and dISFs named due to phylogenetic affiliation with 

mosquito/vertebrate Flaviviruses. Historically, ISFs have generated limited interest 

due to their inability to infect vertebrate cells. However, invertebrate infection with 

ISFs has been shown to enhance or suppress the replication of medically important 

Flaviviruses in co-infected mosquito cells. For example, the cISF Palm-creek virus 

modulates WNV infection and transmission by mosquitoes (Hall-Mendelin et al., 

2016). Consequently, there has been a dramatic increase in the number of ISFs 

identified over the last decade due to their apparent importance in the replication 

of medically important Flaviviruses (Blitvich and Firth, 2015) (Fig. 2).  
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Figure 2 Phylogenetic tree for the genus Flavivirus:  

Complete polyprotein amino acid sequences were aligned using MUSCLE. Maximum 
likelihood phylogenetic tree. The tree is mid-point rooted, nodes are labelled with posterior 
probability values and branches are highlighted with alternative colours. DENV serotypes 
1-4 are boxed in red. Species are colour coded: Classical Insect-specific Flaviviruses 
(cISFs) – blue; Dual-host affiliated Insect-specific Flaviviruses (dISFs) – green; No Known 
Vector Flaviviruses (NKV) – red; mosquito/vertebrate Flaviviruses – purple; tick/vertebrate 
Flaviviruses – black. Adapted from (Blitvich and Firth, 2015). 
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Globally, DENV is the most common arboviral disease, with an approximate 40% 

of the world’s population at risk of viral infection (da Silva-Voorham et al., 2009; 

CDC, 2018; WHO, 2018b). The origin of DENV in humans is unclear but it is 

proposed to have originated in Southeast Asian forests when humans first came 

into contact with the sylvatic-mosquito DENV transmission cycle (Gubler, 1998) 

(Figs. 3 and 4). 

 

 

 

Figure 3 Map of Southeast Asia:  

Map of Southeast Asia. Humans are predicted to have come into contact with the sylvatic-
mosquito transmission cycle of DENV in the jungles/forests of Southeast Asia annotated 
in green on the map. Taken from (Greenpeace, 2018). 
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Figure 4 The emergence and transmission cycle of DENV: 

The emergence from sylvatic origin and transmission cycle of DENV.  

 

The first known records of dengue-like illness date back to 992 A.D, during the 

Northern Sung Dynasty of China, and was first described in an encyclopaedia of 

disease symptoms and remedies (Gubler and Clark, 1995; Gubler, 1998). The 

disease was termed “water poison” and was thought to be associated with flying 

insects residing in water habitats. Outbreaks of illness in the French West Indies 

in 1635 and in Panama in 1699 were also recorded to have presented dengue-like 

illness (Gilles, 1978; McSherry, 1982; Gubler, 1998; Brathwaite Dick et al., 2012). 

It is predicted that DENV had a large geographic distribution prior to the 18th 

Century when the first truly known pandemic of dengue-like illness commenced.  

The first epidemic of DENV occurred between 1827 and 1828 whereby the Virgin 

Islands, Jamaica, Cuba, USA, Venezuela and Mexico were affected, diagnosed on 

the basis of clinical presentation. During the latter half the 18th Century, DENV 

epidemics spread throughout Brazil, South America and the Caribbean and 

continued into the first half of the 19th Century (Gubler, 1998; Gubler & Clark, 

1995).  

During World War II (1939 – 45) and as a consequence of the movement of 

soldiers from England, the United States, Australia and Japan, DENV spread to 
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new areas, for example Australia and Hawaii, due to the soldiers’ incursion into the 

sylvatic-mosquito cycle during the infiltration of Southeast Asian forests (Gibbons 

et al., 2012). The spread of DENV during this time resulted in the co-circulation of 

multiple DENV serotypes within the population which had been previously 

separated and was associated with the clinical presentation of more serious DENV 

pathologies (further discussed in section 1.1.3) (Guzman and Alvarez, 2013). 

Consequently, the first epidemic of dengue shock syndrome/severe dengue was 

reported in the Philippines in 1953 which continued to spread throughout 

Southeast Asia over the next 20 years (Halstead, 2008). Subsequently, vector 

regulation initiatives, such as the use of mosquito bed nets and pesticides, 

controlled the transmission of DENV during the 1960-70s (Halstead, 2008). 

However, in recent years the number of DENV cases reported to the World Health 

Organisation (WHO) has risen dramatically and the transmission of DENV remains 

a significant threat to public health (Fig. 5). 

 

Figure 5 The global emergence of DENV and co-circulation of serotypes from 1943 
– 2013: 

The cumulative number of DENV serotypes reported by decade since 1943. Taken from 
(Messina et al., 2014). 
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1.1.2 Epidemiology  

There are four phylogenetically and antigenically distinct DENV serotypes 

numbered 1-4, with the possible identification of a fifth (Mustafa et al., 2015), which 

co-circulate within the population as a multitude of DENV genotypes (Fig.  6). The 

ancestor of these viruses is thought to have evolved in an infectious cycle involving 

non-human primates and mosquitoes with subsequent transmission to humans 

having occurred independently for all separate virus types (discussed in section 

1.1.1). 
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Figure 6 Maximum likelihood phylogenetic tree of whole genome coding regions of 
58 DENV strains representing all four DENV serotypes: 

Horizontal branch lengths are proportional to the bar representing the number of 
nucleotide substitutions per site. The Southeast Asian DENV-2 New Guinea C genotype 
utilised during our experimentation is highlighted in red. Adapted from (Klungthong et al., 
2004).  
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Before 1970, only 9 countries had experienced severe DENV epidemics. In 

contrast, by 2017 the disease was endemic in over 100 countries with Southeast 

Asia and Western Pacific regions baring the highest disease burden (Fig. 7) 

(Nealon et al., 2016; WHO, 2018a). The annual number of dengue cases is 

predicted to be underreported and, in many cases, misclassified due to DENV 

infection commonly resembling symptoms of viruses such as Influenza virus or 

Chikungunya virus infections. However, the number of cases reported to the WHO 

has risen from 2.2 million in 2010 to 3.2 million in 2015 (WHO, 2017). It is estimated 

that 390 million DENV infections occur per annum of which only 96 million manifest 

clinically with any severity (Bhatt et al., 2013; WHO, 2017) (pathogenesis further 

discussed in section 1.1.3).  

 

Figure 7 The worldwide distribution of DENV in 2016:  

The average number of suspected or confirmed DENV cases reported to WHO between 
2010 and 2016. Adapted from (WHO, 2018a). 

 

Importantly, the number of cases of DENV are increasing as the disease spreads 

geographically due to such factors as increased vector spread as a result of global 

warming and urbanisation. The threat of a possible outbreak of DENV now exists 

in Europe since local transmission was reported for the first time in 2010 in both 

France and Croatia (La Ruche et al., 2010; Gjenero-Margan et al., 2011; Semenza 
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et al., 2014). In 2012 Portugal saw an outbreak of DENV on the Madeira Islands 

which culminated in over 2000 cases (Sousa et al., 2012; Semenza et al., 2014; 

WHO, 2017).   

1.1.3 The pathogenesis of DENV infection 

The true origin of the name dengue is unknown but is thought to be derived from 

the Swahili “ka-dinga pepo” which translates as “disease of the devil”. Furthermore, 

“dengue” is a Spanish word which describes the “fastidious and careful” gait 

exhibited by infected persons as they walked.  

Infection with any of the DENV serotypes is, in the majority of cases, asymptomatic 

or conversely may result in a wide-spectrum of clinical symptoms (Harris et al., 

2000) (Fig. 8). The reported clinical symptoms usually occur after an approximate 

incubation period of 8-12 days and range from a mild-flu like illness and 

characteristic rash clinically diagnosed as dengue fever, to the most severe forms 

of the disease known respectively as dengue haemorrhagic fever (DHF) and 

dengue Shock Syndrome (DSS) (Chan and Johansson, 2012). DSS, the most 

serious pathogenesis of DENV, is most commonly associated with a second DENV 

infection of a different serotype predicted to be as a result of antibody-dependent 

enhancement (ADE) (discussed in more detail in section 1.1.3.1) (Martina, Koraka 

and Osterhaus, 2009).   

DHF is characterised by coagulopathy, increased vascular fragility and 

permeability. DSS is characterised by hypovolemic shock as a result of sudden 

blood or fluid loss culminating in organ failure and death if uncontrolled (Martina, 

Koraka and Osterhaus, 2009). An estimated 500,000 people with severe dengue 

require hospitalisation each year associated with a 2.5% mortality rate (Zavala-

Castro et al., 2014; WHO, 2017).   

Infection with different serotypes/genotypes, and the order of infection, with DENV 

are associated with different severities of disease. For example, a cross-sectional 

study on 485 confirmed dengue cases in Brazil found that cases of DENV-2 

infection resulted in a higher proportion of severe dengue than among those of 

DENV-1 and 4 (Vicente et al., 2016). Certain genotypes within different serotypes 

are associated with more severe disease outcomes. DENV-2 viruses of Asian 
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origin are capable of more robust replication in vitro relative to the less virulent 

American DENV-2 genotypes and consequently DENV-2 viruses of Asian origin 

are more frequently associated with severe dengue (OhAinle et al., 2011). 

Additionally, the serotype of primary infection and the sequential serotype of a 

secondary infection may be associated with more severe disease outcomes. For 

example, a primary infection with DENV-1 and then subsequent second infection 

with either DENV-3 or DENV-4 was associated with DSS/DHF in Cuba (Alvarez et 

al., 2006; Guzman and Alvarez, 2013). Early detection and diagnosis of DENV 

serotypes/genotypes circulating within the affected territory could be an important 

approach to prevent severe outcomes during dengue outbreaks.  

 

Figure 8 Bleeding manifestations upon the clinical presentation of DENV infection: 

Clinical presentations of DENV infection. DENV rash associated with dengue fever (left), 
Ecchymosis (bleeding under the skin) associated with DHF (top right) and subconjunctival 
haemorrhage associated with severe dengue (bottom right). Adapted from (Rose et al., 
2017).  

 

1.1.3.1 Antibody-Dependent enhancement 

The DENVs are a group of four closely related members of the Flavivirus genus. 

DENV serotypes 1-4 are antigenically distinct from each other, sharing 

approximately 60 – 70% nucleotide homology. Initial infections with any of the four 

serotypes raise a protective serotype specific immune response, characterised by 

the production of serotype specific antibodies. Despite conferring resistance to the 

serotype they are raised against, most of the antibodies produced are cross-
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reactive and non-neutralising. Neutralising antibodies, however, are suggested to 

target a segment of the envelope protein located between residues 298 and 397 

within domain III (Fig. 9) (Megret et al., 1992).  In 2- 4% of cases, upon a secondary 

DENV infection of a heterotypic serotype, the pre-existing antibodies act to 

enhance the infection. The DENV secondary infection is opsonised and targeted 

for uptake into Fc-receptor baring cells such as monocytes and macrophages, 

primary sites of DENV replication (Halstead, 2003, 2014) (Fig. 9).  

 

Figure 9 Crystal structure of the dengue virus envelope protein: 

The envelope protein on the mature virion is a homodimer (dimer not shown). Each subunit 
has three domains designated EDI (domain I) (red), EDII (domain II) (yellow) and EDIII 
(domain III) (blue). The position of the fusion loop is indicated, the immunodominant 
epitope of non-neutralising antibodies. Neutralising antibodies were found to be directed 
again residues 298 – 397 in Domain III as indicated. Adapted from (Wahala and de Silva, 
2011). 

 

The immunodominant epitope of non-neutralising antibodies is predicted to be the 

Fusion Loop Epitope (FLE) of the DENV envelope protein, a linear epitope 

spanning the fusion loop, which is highly conserved across the DENV serotypes 

and across the Flavivirus genera (Fig.  9) (Oliphant et al., 2007; Beltramello et al., 

2010; Dejnirattisai et al., 2015; Rouvinski et al., 2017).  

FLE exposure takes place via the dynamic ‘breathing’ movement of envelope 

dimers at the surface of the virion (Rouvinski et al., 2017). Since the FLE epitope 

is poorly presented by mature DENVs, anti-FLE antibodies often show a poor 
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neutralisation capability but are able to potently induce ADE (Oliphant et al., 2007; 

Balsitis et al., 2010; Beltramello et al., 2010; Rodenhuis-Zybert et al., 2011; 

Dejnirattisai et al., 2015). ADE is therefore an important blockade to DENV vaccine 

development (discussed further in section 1.1.4.1). In this immunopathological 

phenomenon, the infection of permissive cells, such as macrophages, using 

infectious immune complexes, acts to suppress innate anti-viral systems and 

permits the intracellular growth of DENV. Therefore, due to the increase in viral 

load, ADE is commonly the cause of the most serious pathology of DENV, DSS 

(Fig. 10). 

 

Figure 10 DENV as a model for ADE: 

DENV as a model for ADE. A primary DENV infection confers resistance to the same 
serotype. Following a second infection with a different DENV serotype the antibodies 
directed towards the DENV serotype of the primary infection are non-neutralising and 
enhance the infection of the second serotype. The virus is opsonised and targeted for 
uptake into Fc receptor baring cells. ADE is associated with a more severe clinical 
presentation of the disease due to increased viral load.  

 

Critically, it is now known that pre-existing antibodies directed against DENV 

enhance Zika virus infection in vivo and may increase disease severity (Paul et al., 

2016). Consequently, a clear understanding of the interplay between Flavivirus 

infections and the phenomenon of ADE will be critical in the orchestration of public 

health in regions where this family of viruses co-circulate.  
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1.1.4 Treatment 

Direct acting anti-virals have not been licensed for the treatment of DENV infection. 

In most cases the infection is asymptomatic, however upon clinical presentation, 

treatment involves alleviating and controlling the symptoms. In non-severe cases 

painkillers, such as Paracetamol, are used to control the pain and relieve the fever. 

The intake of fluids is increased to prevent dehydration and bed rest is required 

until the infection clears. If the patient presents with critical DHF or DSS, the 

complications are fastidiously monitored.  

Uncontrolled plasma leakage leads to shock. Studies reveal a reduction in plasma 

volume in more than 20% of severe cases (Soni et al., 2001; WHO, 2018c), 

consequently early and effective replacement of plasma loss is required. Plasma 

expanders (a substance of high molecular weight which, on infusion, act to 

increase the volume of circulating fluid and increase osmotic pressure) may be 

used alongside increased fluid/electrolyte solutions. Thirst and dehydration can 

result from high fever and vomiting and therefore an increase in fluid and 

electrolyte intake may be required. 

1.1.4.1 Vaccination  

Due to the lack of licensed direct acting anti-virals, a safe, effective and affordable 

vaccine directed against all four serotypes of DENV would represent a major 

advance in the control of the disease in endemic areas.  

Dengvaxia® (CYD-TDV), developed by Sanofi Pasteur, was licensed for use in 

2015 (Guy et al., 2017). Approximately, five other DENV vaccine candidates are 

in clinical development. One such candidate developed by Takeda pharmaceutical 

company limited began phase III clinical trials in 2016 with TAK-003 in the United 

States and dengue endemic countries (Moi, Takasaki and Kurane, 2016). TAK-

003 is a needle-free, tetravalent live-attenuated vaccine. The vaccine employs a 

DENV-DENV chimera (as opposed to the YFV-DENV chimera employed by 

Dengvaxia®) where the attenuated strain DENV-2 PDK-53 provides protection 

against DENV-2, alongside three chimeric viruses expressing the prM and E 

proteins of DENV-1,3 and 4. The inclusion of DENV-2 non-structural genes with 

TAK-003 is predicted to be a major differentiator between TAK-003 and 
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Dengvaxia® and may result in greater protection against DENV-2 strains, often 

associated with greater disease severity (Moi, Takasaki and Kurane, 2016).  

Dengvaxia® is the first DENV vaccine to be licensed and was done so in Mexico 

in 2015 for use in persons living in endemic areas between 9-45 years of age. 

Dengvaxia® is a prophylactic, live, recombinant (YFV attenuated) tetravalent 

vaccine with a YFV backbone, administered in a 3-dose series on a 0/6/12-month 

schedule (Moi, Takasaki and Kurane, 2016). Critically, the vaccine is tetravalent 

and therefore aims to provide immunity towards all four DENV serotypes with the 

goal of preventing ADE and therefore protecting against the serious pathologies of 

DENV.  

WHO recommends that countries should consider introduction of the vaccine only 

in geographical settings where epidemiological data indicate both a persistent and 

high intensity of DENV transmission. Additionally, the seroprevalence should be 

70% or greater, in the age-group targeted for vaccination, maximising public health 

impact and cost-effectiveness. This recommendation was bought about due to the 

differential performance of Dengvaxia®, in terms of vaccine efficacy and possible 

safety concerns (WHO, 2016).  

In December 2017, the Philippines halted its child vaccination campaign and 

recalled Dengvaxia® amid safety fears (Dyer, 2017). Vaccine efficacy for  

confirmed DENV cases was found to be lower in seronegative individuals than in 

individuals who were seropositive at baseline in the trials, therefore suggestive of 

a degree of ADE following immunisation (Aguiar, Stollenwerk and Halstead, 2018). 

The vaccine shows serotype specific efficacy with less protection against DENV 

serotype 2 (Sim and Hibberd, 2016; Capeding et al., 2018; Sabchareon et al., 

2018). Consequently, prophylactic patient vaccination in geographically endemic 

areas is not without risk and DENV remains a significant public-health concern.  

1.1.5 The mosquito vector and control strategies  

Alongside vaccination and treatment strategies, preventing or reducing DENV 

transmission depends on controlling the mosquito vector population, Aedes 

aegypti and albopictus within which DENV replicates (Fig. 11), or interruption of 

human-vector contact. Aside from the use of mosquito repellents, insecticides and 
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bed nets, much effort has been undertaken in the genetic modification of the 

mosquito vector to control disease transmission.  

 

 

Figure 11 The vectors of DENV infection and replication within mosquito host:  

A) Images courtesy of CDC. Image ID: 2165 and 9261. B) Schematic overview DENV 
replication sites within a mosquito vector. A longitudinal cross-section of a mosquito is 
displayed. The arrows indicate the passage of virions through both the midgut (MG) and 
the salivary gland. The circle within the MG represents the peritrophic membrane formed 
after taking a blood-meal. Midgut lumen – 1) infection of midgut epithelial cells via 
envelope receptor binding. 2) DENV replication within MG epithelial cells. 3) Release of 
virus via budding from MG epithelial cells and passage through the basal lamina into the 
haemocoel (a haemolymph filled cavity of invertebrates). 4) viral passage into the 
haemocoel via a ‘leaky’ MG. 5) Viral infection of the trachea following budding from MG 
epithelial cells. 6) Viral budding from the trachea into the haemocoel. Salivary gland lumen 
-   1) infection of the SG epithelial cells following passage through the basal lamina. 2) 
Viral replication in SG cells. 3) Virus release following budding from SG cells into the SG 
lumen. 4) Viral release from the SG cells into the SG lumen by apoptosis. Adapted from 
(Vogels et al., 2017).  
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Oxitec have produced a self-limiting strain of male Ae.aegypti mosquito termed 

OX13A (Oxitec, 2018a). Males which do not bite and transmit disease, carry the 

modification and are released to mate with females in endemic areas. The offspring 

die before reaching adulthood and cannot mature to transmit disease. The 

introduction of this technology was reported to reduce the wild mosquito population 

by 90-95% (Carvalho et al., 2015; Oxitec, 2018a). OX513A has regulatory 

approvals for import and controlled testing in disease endemic areas such as 

Brazil, the Cayman Islands, USA and France (Oxitec, 2018a). 

The OX13A vectors contain the insect specific, repressible, self-limiting gene tTAV 

(tetracycline trans-activator variant), expression of which, if unrepressed, is lethal 

through possible downstream interactions with transcription factors. Expression of 

tTAV is under the control of its own binding site, tetO. In the presence of 

tetracycline, tTAV binds tetracycline and cannot bind tetO. Consequently, the 

expression of tTAV remains at a basal non-lethal level. In the absence of 

tetracycline, tTAV binds tetO which drives the expression of tTAV in a positive 

feedback loop which is lethal. Male mosquitoes are reared in the presence of 

tetracycline prior to release. Following release, modified males mate with the wild 

population, where tetracycline is inaccessible. This action culminates in mosquito 

population reduction and a consequential decrease in disease transmission 

(Oxitec, 2018b).  

The intracellular bacterium Wolbachia pipientis may be utilised to control DENV 

transmission (McGraw and O’Neill, 2013). Wolbachia is maternally transmitted and 

naturally found in approximately 40% of all insect species (Zug, Koehncke and 

Hammerstein, 2012). Ae. agepti do not carry Wolbachia naturally but have been 

shown to be stably trans-infected with the bacterium resulting in an endosymbiotic 

anti-viral effect (Xi, Khoo and Dobson, 2005; Walker et al., 2011; Zug, Koehncke 

and Hammerstein, 2012). The mechanisms underlying Wolbachia’s anti-viral 

properties remain un-clear. Wolbachia infection may prime the host innate immune 

system, manipulating the microRNA pathway and compete for host-resources 

critical to the establishment of a persistent DENV infection (Bian et al., 2010; 

Caragata et al., 2013; G. Zhang et al., 2013; Ye et al., 2015).  
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No single intervention, vaccination or vector control, will be sufficient to control the 

transmission of DENV (Achee et al., 2015). Efforts must be effective and 

complementary whilst research is undertaken to treat the disease via the 

development of specific direct-acting anti-virals towards DENV infection. 

1.1.6 Animal models of DENV infection 

The development of animal models of DENV infection has not been without 

significant challenge and is critical to the efficacy testing of potential vaccine/ direct 

acting anti-viral candidates. Clinical isolates of DENV show low-level or lack of 

replication in wild-type mice and fail to present clinically in non-human primates.  

 

Initial models in mice used intracranial injections of neurovirulent DENV into 

suckling and adult immunocompetent mice which culminated in neurological 

disease and paralysis, not representative of human infection (Raut et al., 1996). 

Peripheral replication of DENV in mice was first reported by both intravenous and 

sub-cutaneous injection using a mouse model deficient for both IFN-α/β and γ 

receptors (J. Johnson and Roehrig, 1999). Intra-peritoneally administered mouse 

adapted DENV-2 was uniformly lethal in this model. However, immunised mice 

were protected from challenge with the same virus therefore demonstrating the 

promise of this model for use in both vaccine and anti-viral trials (J. Johnson and 

Roehrig, 1999). The development of mouse-adapted DENV strains has improved 

this model, allowing for the interrogation of DENV pathogenesis, the testing of 

therapeutic antibodies and anti-viral compounds (Shresta et al., 2006; Yin et al., 

2009; Balsitis et al., 2010; Zellweger, Prestwood and Shresta, 2010). The 

engraftment of human hematopoietic progenitors in immunodeficient mice allowed 

for the development of humanised mice. Humanised mice have been found to 

facilitate infection with clinical DENV isolates producing a dengue-like illness 

(Bente and Rico-Hesse, 2006; Kuruvilla et al., 2007; Mota and Rico-Hesse, 2009; 

Zompi and Harris, 2012).  

 

Non-human primate models do not present DENV disease clinically, but the same 

cells, for example monocytes and macrophages, are infected. Therefore, non-

human primate models are useful for interrogating the immune response mounted 
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towards DENV infection and for testing vaccine efficacy in pre-clinical trials (Zompi 

and Harris, 2012). 

1.2 DENV  

1.2.1 Virion structure  

Initial electron micrographs showed that DENV virions are characterised by a 

relatively smooth surface with a diameter of approximately 50 nm (Kuhn et al., 

2002). Furthering our knowledge, Cryo-electron microscopy (Cryo-EM) has been 

utilised to interrogate the virion structure and has revealed that in addition to the 

10.7 Kb single-stranded positive-sense RNA genome, there are three structural 

proteins which occur in the particle and are arranged in icosahedral-like symmetry: 

capsid (C), membrane (M) and envelope (E). The lipid envelope contains the viral 

membrane proteins, M and E alongside lipids derived from host cell membranes 

(Kuhn et al., 2002; X. Zhang et al., 2013; Sztuba-Solinska and Le Grice, 2014; 

Reddy and Sansom, 2018) (Fig. 12).  
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Figure 12 Overview of the cryo-EM structure of the DENV virion and virion particle 
schematic:  

A) Cryo-EM image. Boxed particles were chosen for processing after excluding: 1) 
partially mature; 2) irregularly shaped or 3) incomplete viral particles. As indicated by 
yellow arrows. B) Surface rendering of the Cryo-EM density map. E:M heterodimers of the 
same colour are equivalent by icosahedral symmetry. Heterodimers of different colours 
are quasi-equivalent, with green E:M dimers falling on the icosahedral 5-fold axes, blue 
on the 3-fold, and red on the 2-fold. Adapted from (X. Zhang et al., 2013). C) A schematic 
of the DENV virion. E protein dimers indicated in yellow, M protein in blue, C protein in 
red, lipid envelope in black, DENV genomic RNA in green and type I cap in purple.  
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1.2.2 The DENV life-cycle  

Infection with DENV occurs when an infected female mosquito vector takes a blood 

meal and introduces the virus into the host’s bloodstream. The delivery of DENV 

directly into the host’s bloodstream is enhanced by the mosquito bite itself. For 

example, serine proteases within mosquito saliva act to proteolyse host 

extracellular matrix proteins, inducing cell migration towards the site of infection 

(Conway et al., 2014; Mores, Christofferson and Davidson, 2014). DENV binds a 

permissive host cell, via the E protein, and is internalized by receptor-mediated 

endocytosis. Alternatively, DENV is opsonised for uptake via binding to a non-

neutralising antibody during ADE (discussed in detail in section 1.1.3.1). A specific 

host cell receptor has not yet been identified. However, candidates include the 

mannose receptor of macrophages or the adhesion molecule of dendritic cells 

(DC-SIGN) (Miller et al., 2008; Richter et al., 2014). The fact that DENV can infect 

a wide variety of cell types suggests that DENV does not interact with a specific 

receptor but utilizes a wide variety of receptors, allowing the infection of a broad-

range of cells of both mammalian and insect origin.  

Following internalisation, acidification of the endosome triggers an irreversible 

trimerisation of the E protein which results in the fusion of the viral and host cell 

membrane (Allison et al., 1995). Following fusion, the nucleocapsid is released into 

the host cell cytoplasm and DENV genomic RNA is exposed to the host cell 

environment. 

The capped, positive-sense, single-stranded RNA genome is directly translated 

during early translation by host cell ribosomes resulting in the production of a 

polyprotein. The polyprotein is subsequently co and post-translationally cleaved by 

host cell and viral proteases to produce functional DENV structural and non-

structural proteins. Following the initial translation of viral proteins, virus induced 

hypertrophy of the endoplasmic reticulum (ER) occurs allowing DENV to initiate 

negative-sense RNA synthesis in a concentrated, controlled environment termed 

the replication complex, facilitating viral replication (Welsch et al., 2009; Gillespie 

et al., 2010; Inoue and Tsai, 2013). The replication complex allows for the 

sequestration and concentration of catalysts, reactants and co-factors required for 

viral replication. Negative-sense RNA acts as a template for the production of 
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positive-sense RNA DENV genomes (vRNA). Successive rounds of translation 

from newly formed positive-sense RNA genomes results in the production of high 

levels of structural and non-structural viral proteins, critical for the life-cycle of the 

virus (discussed in detail in section 1.2.3).  

The structural proteins, alongside the newly formed vRNA, are assembled into 

immature progeny virions which bud into the lumen of the ER and mature during 

secretion out of the host cell. During secretion, immature virions enter an acidic 

trans-Golgi compartment where furin cleavage occurs. Furin, a host proprotein 

convertase, cleaves prM to M generating E protein dimers that lie flat on the viral 

surface. However, the cleaved pr-protein remains associated with the virus particle 

blocking the fusion loop of the E protein. The function of pr-protein association with 

the virion prevents the fusion of the virion with intracellular membranes of the host 

cell. Upon release of the virion into the extracellular environment, the neutral pH 

allows for the dissociation of the pr-protein and the mature virus is then able to 

bind and fuse with a new host cell, continuing the DENV infection cycle (Yu et al., 

2008; Smith et al., 2016).   

However, furin cleavage, and therefore DENV maturation, is often inefficient as 

cells infected with DENV release a high proportion of immature prM- containing 

virions, suggested to be incapable of infection alone but are associated with 

increased disease pathology upon heterotypic infection (Rodenhuis-Zybert et al., 

2010). A schematic of the DENV life-cycle is depicted in figure 13.  
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Figure 13 The DENV life-cycle: 

A schematic of the DENV life-cycle. 1) A DENV infected mosquito takes a blood meal, 
introducing DENV into the host cell blood stream. 2) DENV binds a permissive host cell 
receptor and is internalised by Clathrin-mediated endocytosis. 3) Acidification of the 
endosome occurs which results in fusion of the viral and host cell membrane, releasing 
the nucleocapsid into the cytoplasm of the host cell. 4) The nucleocapsid is released and 
DENV genomic RNA is uncoated, exposing DENV genomic RNA to the host cell 
environment. 5) Early cap-dependent translation occurs in 5ˊ-3ˊ orientation producing a 
polyprotein which is both co- and post-translationally cleaved by host and viral proteins 
into functional DENV structural and non-structural proteins. The formation of the 
replication complex is virally induced and occurs at the ER membrane, the site of DENV 
replication. 6) The immature DENV virion is packaged and buds through the ER. 7) The 
immature virion is trafficked through the Golgi apparatus where furin cleavage occurs 
cleaving prM to M however the pr-protein remains associated. 8) DENV maturation and 
release into the extracellular environment where the pr-protein dissociates, and the mature 
virion can continue the infectious cycle. Mosquito image courtesy of the CDC image ID 
9261. 
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1.2.3 Genomic organisation  

The capped positive sense, single-stranded RNA genome of DENV is 

approximately 10.7 Kb in length. The viral genome encodes a single, open reading 

frame (ORF), flanked by highly structured 5ˊ and 3ˊ un-translated regions (UTRs), 

vital to DENV replication (Fig. 14).  

 

Figure 14 DENV genomic organisation: 

The organisation of the +ve sense, single-stranded RNA genome of DENV. Structural and 
non-structural proteins are indicated. 5ˊ and 3ˊ UTR regions are highly structured and 
fundamental to viral replication. Coloured arrows indicate proposed polyprotein cleavage 
sites of both host and viral origin. Cleavage of the DENV polyprotein results in functional 
structural and non-structural DENV proteins thereby allowing the continuation of the DENV 
life-cycle.  

 

Host cell early translation of the DENV ORF produces a single polyprotein which 

is both co and post-translationally cleaved by both viral and host cell proteases, for 

example host signal peptidases, furin protease and the viral NS2B/NS3 protease 

(Chambers et al., 1990; Ryan, Monaghan and Flint, 1998) (Fig. 14). The structural 

proteins C, M and E are located towards the 5ˊ end of the genome whereas the 

non-structural (NS) proteins are located at the 3ˊ end and consist of NS1, NS2A, 

NS2B, NS3, NS4A, NS4B and NS5 (Fig. 14).  
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1.2.3.1 The structural proteins of DENV 

1.2.3.1.1 Envelope (E) 

E is the major envelope glycoprotein of DENV and alongside the M protein, forms 

the outer protein shell of the virion, as a dimer, anchored by an α-helical hairpin 

loop in the lipid membrane (Kuhn et al., 2002). The E protein binds a permissive 

host cell receptor during DENV infection, directing the virion into the endocytic 

pathway. The E protein responds to the acidic environment of the endosome 

culminating in a large conformational rearrangement (Modis et al., 2004). Firstly, 

the E protein inserts a hydrophobic anchor, the fusion loop, into the outer bilayer 

of the host cell membrane. Secondly, the E protein folds back on itself, directing 

its C terminal transmembrane anchor toward the fusion loop. This fold back forces 

the host cell membrane and the viral membrane against each other culminating in 

the fusion of the two membranes (Rey, 2003; Nayak et al., 2009). This action 

results in the deliverance of viral genomic RNA into the host cell cytoplasm, 

allowing for the translation of viral proteins and the establishment of infection. 

Additionally, the E protein is the major epitope for both neutralising and non-

neutralising antibodies, further discussed in section 1.1.3.1. Unusually the fusion 

of the E protein is regulated by the association with the viral protein prM.  

1.2.3.1.2 Pr-Membrane/Membrane (prM/M)  

The DENV prM/M protein consists of seven antiparallel β-strands stabilised by 

three disulphide bonds (Perera and Kuhn, 2008). The outer glycoprotein shell of 

the mature DENV virion is known to consist of 180 copies of each the E protein 

and the M protein (Perera and Kuhn, 2008). During the life-cycle of DENV the initial 

virions produced are immature, with both E and prM proteins forming 90 

heterodimers that give a spiky appearance to the shell of the virion. However, as 

the immature virion buds from the ER and travels through the trans-golgi network 

and as the virion exits the cell via the secretory pathway the virion matures, 

exposed to the acidic environment (Allison et al., 1995; Rey, 2003; Modis et al., 

2004). It is believed that the acidic environment causes the conformational change 

of the E protein, dissociating it from the prM protein culminating in the formation of 

E homodimers. These homodimers lie flat on the surface of the virion giving the 

mature virus particle a smooth appearance (Allison et al., 1995; Rey, 2003; Modis 
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et al., 2004).. However, during the maturation process the pr-protein is cleaved 

from the M protein by the host cell protease furin. The M protein then acts as a 

transmembrane protein under the E protein shell of the newly formed mature virion. 

It is known that the pr peptide remains associated with the E protein until the viral 

particle is release into the extracellular environment (Stadler et al., 1997; Yu et al., 

2008). This action prevents the fusogenic activity of the E protein to inappropriate 

host cell membranes as the virion is trafficked through the secretory pathway prior 

to the release of mature virions (Guirakhoo, Bolin and Roehrig, 1992; Heinz et al., 

1994; Wang, He and Anderson, 1999; Perera and Kuhn, 2008). However, the 

maturation of DENV virions is known to be inefficient and is further discussed in 

section 1.2.2.  

1.2.3.1.3 Capsid (C) 

Interior to the outer bilayer of the DENV virion is the nucleocapsid core that 

comprises multiple copies of the capsid or core protein (C), and a single copy of 

the ~11 Kb DENV RNA genome. The C protein is essential to DENV assembly, 

ensuring the specific encapsidation of the DENV genome. However, the 

mechanism by which genomic encapsidation occurs is not understood but may 

require participation of the non-structural proteins as well as the C protein or a 

specific conformation of DENV genomic RNA may be necessary (Kuhn et al., 2002; 

Ma et al., 2004). 

1.2.3.2 The non-structural proteins of DENV  

1.2.3.2.1 Non-structural protein 1 (NS1) 

NS1 is a ~ 49 kDa glycoprotein that, as a non-structural protein, is absent from the 

infectious viral particle (Avirutnan et al., 2007). NS1 functions as a co-factor for 

viral RNA replication and co-localizes with the double-stranded RNA replicative 

form (Mackenzie, Jones and Young, 1996; Lindenbach and Rice, 1999; Avirutnan 

et al., 2007). NS1 is synthesised in an infected cell as a soluble monomer which 

dimerises following post-translational modification in the lumen of the ER. 

Dimerised NS1 is subsequently transported to the cell surface and excreted into 

the extracellular milieu. The accumulation of soluble NS1 in serum is known to 

correlate with disease severity (Avirutnan et al., 2007). However, the mechanisms 
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by which NS1 contributes to DENV pathogenesis remain unclear and may be 

associated with the orchestration of the immune response. For example, NS1 is 

suggested to attenuate the alternative pathway of complement activation following 

the binding of factor H (Chung et al., 2006). 

1.2.3.2.2 Non-structural protein 2A (NS2A) 

NS2A is a highly hydrophobic transmembrane protein that interacts with lipid 

bilayers and is known to co-localize with the double-stranded RNA replicative 

intermediate, with the 3ˊUTR of DENV genomic RNA and with other non-structural 

proteins within the replication complex (Xie et al., 2013; Shrivastava et al., 2017).  

NS2A is suggested to comprise a putative viroporin of DENV-2, allowing for the 

transport of nascent RNA to the site of viral assembly and membrane remodelling 

transporting RNA or partially assembled nucleocapsids to subcellular 

compartments during viral assembly and release (Leung et al., 2008; Shrivastava 

et al., 2017). 

1.2.3.2.3 Non-structural protein 2B (NS2B) 

DENV NS2B is a transmembrane protein which localises on the cell membrane. 

NS2B mainly functions as a co-factor to form a stable NS3-NS2B serine-threonine 

viral protease which, for example, is mandatory for the cleavage of the DENV 

polyprotein into functional proteins and is therefore critical to the DENV life-cycle 

(Li et al., 2015; Wu et al., 2015).  

1.2.3.2.4 Non-structural protein 3 (NS3) 

The NS3 protein functions to cleave the viral polyprotein in the cytoplasm. 

Cleavage of the polyprotein is mediated by the serine protease N-terminal domain 

of NS3, alongside a hydrophilic segment of 40 residues from NS2B which acts as 

a co-factor necessary for protease activity. Additionally, the domain required for 

ATPase/helicase and nucleoside 5’triphosphatase activity is located at the C 

terminus of NS3. Thus the NS3 protein is a critical determinant of the DENV life-

cycle (Luo et al., 2008; Perera and Kuhn, 2008). 

 

1.2.3.2.5 Non-structural protein 4 A/B (NS4A/B)  
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Membrane proteins NS4A/B are linked by a conserved 23 amino acid signal 

peptide (Zou et al., 2015). The cleavage between NS4A and B is mediated by the 

NS2B/3 proteinase (Lin et al., 1993). NS4A consists of 127 amino acids and 

contains two trans-membrane domains reported to form an amphipathic helix that 

mediates oligomerisation (Welsch et al., 2009; Stern et al., 2013). NS4B consists 

of 248 amino acids and contains three trans-membrane domains (Miller, Sparacio 

and Bartenschlager, 2006). It is known that both NS4A and B play a multitude of 

roles in viral replication and virus host interactions. For example, NS4A is known 

to induce ER membrane rearrangement and replication complex formation via 

interaction with cellular vimentin (Teo and Chu, 2014). NS4A induces autophagy 

acting to prevent cell death facilitating viral replication (McLean et al., 2011). NS4B 

interacts with the helicase domain of NS3 dissociating it from single-stranded RNA 

(Zou et al., 2015).  

1.2.3.2.6 Non-structural protein 5 (NS5) 

NS5 encodes the methyltransferase and RdRp activity of DENV and is discussed 

in detail in section 1.3.1.   
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1.3 DENV replication 

1.3.1 Non-structural protein 5 in detail 

DENV non-structural protein 5 (NS5) is, at 100 kDa, the largest and most 

conserved (~ 70% amino-acid sequence identity) protein expressed during DENV 

infection, a significant anti-viral target. NS5 is comprised of two domains: an N-

terminal methyltransferase domain (MTase) and a C’-terminal RdRp connected by 

a flexible linker region  (Lim et al., 2013; Zhao, Soh, Lim, et al., 2015; El Sahili and 

Lescar, 2017) (Fig. 15).   

 

 

Figure 15 DENV NS5 in the context of the DENV genome: 

A schematic of DENV genomic RNA and NS5. MTase = Methyltransferase, RdRp = RNA-
dependent RNA polymerase shown in grey and red respectively. The linker domain is 
highlighted in pink.  

 

1.3.1.1  Methyltransferase domain  

The DENV genome consists of a positive sense single stranded RNA genome with 

a type I cap structure, followed by the conserved nucleotide sequence ‘AG’: 

5ˊm7GpppAm2-O-G-3ˊ (Zhao, Soh, Lim, et al., 2015). The MTase domain of NS5, 

spanning residues 1-262, is responsible for the addition of the cap moiety 

selectively on to the 5ˊ end of viral genomic RNA and is critical for viral replication 

via the direct early-translation of DENV genomic RNA. The addition of the cap 

moiety ensures host cell translation of viral genomic RNA and the production of 
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viral polyproteins, critical to the DENV life-cycle. The addition of the type I cap 

moiety protects the viral genomic RNA from 5ˊ-3ˊ exoribonuclease degradation, 

concealing the viral phosphorylated genomic RNA from the host innate immune 

response (Pichlmair et al., 2006; Goubau et al., 2014; Zhao, Soh, Lim, et al., 2015). 

Following de novo RNA synthesis, catalysed by the RdRp, type I cap formation 

results from several sequential enzymatic reactions. Firstly, the RNA 

triphosphatase activity of the NS3 protease-helicase hydrolyses the γ-phosphate 

group of the viral 5ˊUTR, yielding a diphosphate nucleotide. Secondly, the guanyl-

transferase activity of the MTase domain catalyses the transfer of a GMP molecule 

to the 5ˊdiphosphate nucleotide. Finally, MTAse mediated sequential addition of 

N-7- and 2ˊ-O- methylations occur (Zhao, Soh, Lim, et al., 2015; El Sahili and 

Lescar, 2017) (Fig.  16). 

 

 

Figure 16 Type I cap formation by the MTase domain: 

A schematic of MTase domain Type I cap formation and its importance in the viral life-
cycle. Firstly, the RNA triphosphatase activity of the NS3 protease-helicase hydrolyses 
the γ-phosphate group of the viral 5ˊUTR, yielding a diphosphate nucleotide. Secondly, 
the guanyl-transferase activity of the MTase domain catalyses the transfer of a GMP 
molecule to the 5ˊdiphosphate nucleotide yielding a Type 0 cap. Finally, MTAse mediated 
sequential addition of N-7- and 2’-O- methylations occur yielding a Type I cap. The type I 
cap of DENV functions in early host cell ribosomal translation producing the DENV 
polyprotein. The Type I cap is also implicated in DENV immune evasion strategies by 
concealing the phosphorylated viral RNA from the host innate immune system.   
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1.3.1.2 NS5 linker domain 

A putative linker domain (spanning residues 263-273) connects the MTase and 

RdRp domains of Flavivirus NS5 (Fig. 15). The sequence of this domain is poorly 

conserved although the length of the region is conserved across the Flavivirus 

genera (Lim et al., 2013; Zhao, Soh, Zheng, et al., 2015).  

Crystal structures of full length JEV and DENV-3 NS5 have revealed differences 

in the conformation of the linker domain reflected by differences in the spatial 

arrangement of the two enzymatic domains, indicating conformational flexibility 

(Lim et al., 2013; Lu and Gong, 2013; Zhao, Soh, Zheng, et al., 2015). It is therefore 

proposed that the linker domain functions like a swivel, leading to the formation of 

different interfaces – enabling the MTase and RdRp to adopt differential 

orientations during the transition from RNA synthesis to RNA capping, binding to 

NS3 or to host cell factors during the viral life-cycle (Lim et al., 2013; Zhao, Soh, 

Zheng, et al., 2015) (Fig. 17).  

 

Figure 17 Crystal structure of DENV-3 NS5: 

A cartoon representation of the overall structure of the DENV3 NS5 protein. A) Viewing 
from the bottom of RdRp, MTase in yellow, RdRp fingers in green, palm in blue and thumb 
in pink. The linker domain is in orange. GTP and co-factor SAH are displayed as sticks 
and labelled respectively. Zinc ions are shown as spheres. B) View from the top of the 
NS5 molecule which is rotated by 180° around a vertical axis. The linker domain region is 
boxed. Adapted from (Zhao, Soh, Zheng, et al., 2015) 
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It is suggested that the enzymes, connected by the linker-domain region, promote 

the activity of one another. The RdRp domain was shown to enhance internal RNA 

methylation activity, in the context of full-length NS5 proteins from DENV and WNV 

(Dong et al., 2012). However, results for the influence of the MTase domain on 

RdRp activity remain contradictory. On one hand, it is proposed that RdRp activity 

is higher in the context of full-length NS5, than in the context of the RdRp domain 

alone. This was confirmed using filter binding assays with poly(rC) and poly(rU) 

templates, detecting the incorporation of [3H]-labelled nucleotides into the nascent 

RNA chain. The inclusion of the MTase domain was suggested to increase 

replication activity by 6-17 fold over that observed by the RdRp domain alone 

(Potisopon et al., 2014). On the other hand, utilising a similar methodology 

measuring the incorporation of [3H]-GMP on poly(rC)/ poly(rU) templates, it has 

been found that inclusion of the MTase domain does not have an effect on RdRp 

activity, displaying activity directly comparative to its full-length counterpart 

(Selisko et al., 2006). 

It was observed that the addition of linker residues to the N-terminus of the RdRp 

domain acted to stabilise the domain, enhancing the de novo RNA synthesis 

capability of the polymerase. A 2.6 Å resolution structure of an RdRp fragment of 

DENV-3 spanning NS5 residues 265-900 with enhanced de novo RNA synthesis 

activity was reported (Lim et al., 2013). This observation is of significance, it is well 

documented that full-length purified DENV NS5 proteins often degrade 

substantially throughout the purification process, deeming functional analysis 

challenging. Therefore, the translation of this observation in the study of the RdRp 

domain in the context of other DENV serotypes could aid in determining the 

structural functionality of this critical viral replicative protein (Selisko et al., 2006). 

1.3.1.3 Conformational dynamics of DENV RdRp during the initiation of 

DENV genomic replication  

1.3.1.3.1 Mechanistic process of DENV replication  

DENV NS5 contains a C- terminal RdRp, responsible for viral replication and 

fundamental to the viral life-cycle. The RdRp, within the replication complex, first 

transcribes the viral genome, using the positive-sense RNA genome as a template 

(Fig. 18). The negative-sense RNA strand is then utilised as a template to 
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synthesise an excess of positive sense, single stranded genomic RNA, used for 

further translation and viral polyprotein production and for encapsidation into new 

progeny virions. The mechanistic process of DENV replication catalysed by DENV 

RdRp is described figure 18.   

 

 

Figure 18 DENV genome replication catalysed by the DENV RdRp: 

A schematic representation of DENV replication in the context of the DENV life-cycle. 
Following infection of a permissive host cell and virion disassembly, capped DENV 
genomic RNA is released into the host cell cytoplasm. DENV genomic RNA is directly 
translated by host cell ribosomes resulting in the production of a polyprotein which is co- 
and post-translationally cleaved by host and viral proteases into functional viral proteins. 
The formation of the replication complex is virally induced, associated with the 
endoplasmic reticulum membrane (ER). Functional DENV non-structural proteins 
comprise the replication complex and DENV replication occurs solely within the RC.  The 
mechanistic details of DENV replication within the replication complex are highlighted by 
the green circle. RC = Replication complex. +ve and -ve refer to positive and negative -
sense genomic RNA templates respectively. Replication complex image adapted from 
(Nagy and Pogany, 2011).  
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1.3.1.3.2 The structure of the DENV RdRp 

The first crystal structure of the DENV RdRp domain (residues 270 – 900) was 

published 11 years ago and revealed a right-hand enzyme architecture, structurally 

conserved amongst many DNA and RNA polymerases (Yap et al., 2007). The 

DENV RdRp was found to consist of palm, thumb and finger sub-domains 

containing conserved motifs A-G with precise functions conserved throughout the 

Flaviviridae family (Fig. 19). Motif A contributes to the cation binding site (Yap et 

al., 2007; Wu, Liu and Gong, 2015). Motif B aids in the process of template 

recruitment and positioning in the RdRp tunnel (Wu, Liu and Gong, 2015; Shu and 

Gong, 2017; Yang et al., 2017). Motif C comprises the GDD catalytic residue – the 

active site (Yap et al., 2007; Wu, Liu and Gong, 2015). The functionality of Motif D 

remains largely unknown but is proposed to aid in the release of the PPi by-product 

of replication (Castro et al., 2009; Wu, Liu and Gong, 2015). Motif E comprises the 

structural zinc cation (Yap et al., 2007; Wu, Liu and Gong, 2015). Motif F is involved 

in the stabilisation of the nascent RNA base pair (Iglesias, Filomatori and 

Gamarnik, 2011) and the functionality of Motif G is unknown but may be involved 

in the binding and translocation of the template RNA strand (Wu, Liu and Gong, 

2015) (Fig.  19). 
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Figure 19 Structural position/ conservation of Flaviviridae RdRp catalytic motifs: 

A) The spatial organisation of JEV RdRp catalytic motifs A-G (pdb accession number: 
4K6M. B) Structure-based sequence alignment displaying the conservation of RdRp 
structural motifs. JEV (Japanese encephalitis virus) is a member of the Flavivirus genera. 
BVDV (Bovine viral diarrhoea virus) is a member of the Pestivirus genera. HCV (Hepatitis 
C virus) is a member of the Hepacivirus genera. Adapted from (Wu, Liu and Gong, 2015).  
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Together these regions and motifs shape a right-handed polymerase structure 

comprising three tunnels which allow access to the 3ˊ end of the template genomic 

RNA, incoming ribonucleoside tri-phosphates (rNTPs) and allow exit of the newly 

synthesised dsRNA product (Yap et al., 2007). The palm domain contains the 

active site of the RdRp containing two aspartic residues which act to chelate two 

Mg2+ metal ions allowing for the formation of the phosphodiester bond and 

therefore catalysing the formation of nascent RNA (Yap et al., 2007) (Figs.  19 and 

20).  

Additionally, a “priming loop” extends from the thumb sub-domain, towards the 

active site. The presence of this loop is often considered the “hallmark” of RdRp 

domains capable of de novo RNA synthesis (Yap et al., 2007; El Sahili and Lescar, 

2017). The priming loop acts as a platform for the initiation of RdRp polymerisation 

activity and precise and relatively efficient initiation is achieved with the priming 

element, aiding in the stabilisation of the initiation complex, allowing for primer-

independent viral replication (Yap et al., 2007; Wu, Liu and Gong, 2015; El Sahili 

and Lescar, 2017) (Fig. 20).  
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Figure 20 Annotated crystal structure of the DENV-3 RdRp domain: 

An annotated crystal structure of the DENV-3 RdRp domain. Fingers coloured in blue, 
palm in green and thumb in red. The priming loop extends towards the active site of the 
protein and is shown in orange. The position of the RNA template, NTP entry, and dsRNA 
exit tunnels are indicated by arrows. The active site aspartic acids of motifs A and C are 
shown as sticks and coloured according to atom type (oxygen- red, carbon – yellow). Motif 
F and the incomplete G loop are shown in red and cyan. Adapted from (Selisko et al., 
2014). 
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1.3.1.3.3 Primer-independent replication initiation and RdRp conformational 

change  

The DENV RdRp binds selectively to stem-loop A (SLA), the promoter stem-loop 

in the 5ˊUTR of DENV genomic RNA, suggested to be via an arginine rich 

sequence in the thumb subdomain of DENV RdRp, as a result of the strong positive 

charge (Filomatori et al., 2006; Lodeiro and Filomatori, 2009; Hodge et al., 2016). 

DENV genomic cyclisation acts to transfer the RdRp to the 3ˊUTR of DENV 

genomic RNA, thereby allowing for the initiation of negative-sense RNA synthesis 

(Filomatori et al., 2006; Villordo and Gamarnik, 2009; de Borba et al., 2015) 

(discussed in detail in section 1.3.2.1). The RdRp synthesises new DENV RNA in 

the absence of a primer, termed primer-independent or de novo RNA synthesis 

(Kao, Singh and Ecker, 2001; Nomaguchi et al., 2003; Selisko et al., 2006). 

The DENV RdRp synthesises RNA de novo in three main stages: de novo initiation 

(primer synthesis), transition and elongation (Jin et al., 2011; El Sahili and Lescar, 

2017). Firstly, the RdRp generates short primers over the 3ˊterminus of the viral 

RNA template ending in 5ˊ-CU-ˋ3 corresponding to the strictly conserved end of 

the Flavivirus genome (Selisko et al., 2012). Then it is suggested that the RdRp 

undergoes structural/mechanistic transition from a “closed” de novo initiation 

complex to an “open” elongation conformation before continuing RNA synthesis in 

a more rapid and processive manner (Noble and Shi, 2012; Potisopon et al., 2014).  

The structural basis behind the DENV RdRp transition from a “closed” to “open” 

conformation remains unknown. The available crystal structures of Flavivirus full-

length NS5 and the RdRp domain alone, display a pre-initiation, closed 

conformation, unbound to genomic RNA, with the priming loop positioned towards 

the active site. In this conformation the RNA binding tunnel of the DENV RdRp is 

predicted to be too narrow to accommodate the dsRNA replicative intermediate 

(Malet et al., 2007, 2008; Yap et al., 2007; El Sahili and Lescar, 2017).  

It is unknown whether or not the transition from a closed conformation to an open 

conformation occurs following binding to SLA or directly after the synthesis of a 

priming dinucleotide/trinucleotide, or if a longer primer is required. It is expected 

that during the conformational change from a pre-initiation to a processive 

elongation state, an outward rotation of the fingers domain must occur, relative to 
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the palm subdomain, and a retraction of the priming loop is expected away, from 

the active site of the RdRp (Appleby et al., 2015). The projected concerted 

conformational movements of the DENV RdRp would culminate in an increase in 

the volume of the dsRNA exit tunnel, enabling the translocation of dsRNA, the 

replicative intermediate, enabling continued viral replication (Appleby et al., 2015; 

El Sahili and Lescar, 2017).  The predicted DENV RdRp conformational changes 

are depicted in figure 21.  

 

 

 

 

Figure 21 Predicted DENV-RdRp conformational transition during replication 

Schematic of representative steps during RNA synthesis indicating the proposed RdRP 
conformational changes. 1) The DENV RdRp in a pre-initiation ‘closed’ conformation state. 
The priming loop extends towards the active site of the RdRp. 2) DENV RdRp de novo 
initiation in the 3ˋ- 5ˊ direction. 3) DENV RdRp in the primed initiation state. The length of 
the required primer is unknown. 4) DENV RdRp in the elongation ‘open’ conformation. The 
priming loop retracts and an outward rotation of the fingers is expected to accommodate 
the double-stranded replicative intermediate. 
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Following many years of research, the only member of the Flaviridae family for 

which the RdRp has been observed structurally at different replicative initiation and 

elongation stages, is the Hepacivirus HCV NS5B RdRp protein (Appleby et al., 

2015). Subsequently, the obtained structural and mechanistic data have been 

exploited in the development of HCV nucleotide therapies with a higher barrier to 

the selection of drug resistance (Appleby et al., 2015). Therefore, our 

understanding of DENV replication demands comparative interrogation, following 

the binding of DENV RdRp to SLA, and is consequently a focus of this project.  

1.3.2 RNA structure and DENV genomic replication  

Besides encoding for viral proteins, positive-sense single stranded RNA genomes 

contain a wide variety of cis-acting RNA elements, for example stem-loops, and 

pseudoknots, which are known to regulate fundamental processes of the viral life-

cycle and are vital to the overall secondary and therefore tertiary structure of viral 

genomes (Villordo, Alvarez and Gamarnik, 2010). These elements are known to 

have a multitude of functions such as promoters, enhancers and as repressors of 

translation, transcription, genome replication and encapsidation (Andino, Rieckhof 

and Baltimore, 1990; Song and Simon, 1995; McKnight and Lemon, 1998; Dreher, 

1999; Alvarez, Laura De Lella Ezcurra, et al., 2005; Villordo, Alvarez and 

Gamarnik, 2010). RNA secondary structure is an extremely versatile viral tool, 

facilitating the viral life-cycle without sacrificing the limited coding capacity of the 

viral genome. 

Important structural elements of viral RNA are RNA stem-loops and pseudoknots 

(Fig. 22). RNA stem-loops are formed by intramolecular base-pairing (both 

Watson-Crick and non-Watson-Crick wobble base pairs) and can also be referred 

to as a hairpin or hairpin loops (Leontis, Stombaugh and Westhof, 2002; Manas et 

al., 2015). An RNA stem-loop occurs when two regions, usually complementary, 

of the same nucleotide strand base pair to form a double-stranded helix that 

comprises a single-stranded nucleotide terminal loop. The resulting stem-loop 

structure is often vital in terms of both nucleotide sequence and structure to the 

viral life-cycle (Clyde and Harris, 2006; Filomatori et al., 2006; Wang et al., 2017). 

An RNA pseudoknot is defined as an RNA structure formed by the nucleotide base-

pairing of a stem-loop terminal loop to a region located upstream or downstream 
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of the stem flanking the loop (Staple and Butcher, 2005). Pseudoknots have also 

been implicated in a multitude of biological functions for example gene expression 

and viral replication (Staple and Butcher, 2005; Alla and Alexander, 2014) (Fig. 

22).  

Additionally, long-range nucleotide base pairing interactions allow for the 

extraordinary flexibility displayed by viral genomic RNA. For example, cis-acting 

RNA elements, vital to negative-sense RNA synthesis, can be found at the 5ˊ 

genomic RNA terminus despite the fact that negative sense RNA synthesis is 

initiated from the 3ˊ terminus of genomic RNA (Alvarez, Lodeiro, et al., 2005) (Fig. 

22). 

 

Figure 22 A schematic of RNA secondary structural elements: 

A schematic of RNA structural elements. 1) An RNA stem-loop is depicted showing the 
base-paring of RNA nucleotides forming a double-stranded helix also comprising a single-
stranded nucleotide terminus. 2) An RNA pseudoknot is depicted showing the base-
pairing of an RNA stem-loop to a nucleotide region located downstream of the stem 
flanking the terminal loop. 3) An example long-range RNA-RNA interaction is shown. RNA 
nucleotide base-pairing indicated by blue lines. Figure created using VARNA. 
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1.3.2.1 Genomic cyclisation and DENV replication 

The linear to circular genomic conformational switch is yet another function of 

Flavivirus secondary structure, facilitating the viral life-cycle, without sacrificing the 

limited coding capacity of the viral genome. Following extensive mutational 

analysis, it is known that both the linear and circular genomic conformations are a 

fundamental requirement of the DENV life-cycle and therefore the ability to form 

both genomic conformations exerts a significant selective pressure (Alvarez, 

Lodeiro, et al., 2005; Villordo, Alvarez and Gamarnik, 2010). Critically, what 

regulates the switch between the two genomic conformations is unknown and is 

consequently a subject of our experimental analysis utilising in vitro/ intracellular 

Selective 2’ Hydroxyl Acylation Analysed by Primer extension (SHAPE) mapping 

(methodology discussed in detail in Chapter 4.1) to interrogate the requirements 

of the conformational switch in the context of DENV replication.  

Viral genomic cyclisation for life-cycle facilitation is not a novel concept. For 

example, an important translational feature of HCV is likely conserved from the 

model of classical messenger RNA (mRNA) circularisation involving the highly 

structured HCV 3ˊ UTR and interactions with translation initiation factors such as 

polypyrimidine tract binding protein, to facilitate cap-independent translation (Ito, 

Tahara and Lai, 1998; Wells et al., 1998). The interaction of the HCV 3ˊ UTR with 

translational initiation factors functions to circularise the HCV genome during 

translation, therefore increasing translational efficiency of viral proteins, allowing 

for ribosome recycling during successive rounds of translation (Ito, Tahara and Lai, 

1998; Bradrick, Walters and Gromeier, 2006). In contrast, Flavivirus genomes are 

able to cyclise by long-range direct RNA-RNA interactions (Villordo and Gamarnik, 

2009; de Borba et al., 2015; Liu et al., 2016).  

A conserved feature of Flavivirus genomes, is the presence of inverted 

complementary sequences, termed cyclisation sequences at both termini of the 

genomic RNA, which mediate long-range RNA-RNA interactions functioning to 

stabilise genome cyclisation by direct base-pairing (Alvarez, Lodeiro, et al., 2005). 

The cyclisation sequences are termed: 5ˊ upstream of AUG region (UAR) which 

binds to the 3ˊUAR, 5ˊ downstream of AUG region (DAR) which binds to the 3ˊDAR 

and the 5ˊcyclisation sequence (CS) which binds to the 3ˊCS with the combined 
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action of genomic cyclisation (Alvarez, Lodeiro, et al., 2005). The structural 

changes associated with genomic cyclisation in the context of full-length DENV 

genomic RNA are depicted in figure 23.  
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Figure 23 A schematic representation of DENV genome cyclisation: 

The predicted linear and circular genomic conformations of DENV genomic RNA, including the predicted dumb-bell (DB) and pseudoknot (PK) 
interactions of the 3ˊUTR. Red, yellow and blue lines represent complementary sequence positions and interactions acting to cyclise genomic 
RNA. Red is representative of the UAR interaction, yellow is representative of the DAR interaction and blue is representative of the CS. Stem-
loops (SL) are indicated. NCR = non-coding region. Adapted from (Tuplin, 2015). 
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The circular genomic form is the most thermodynamically favoured conformation. 

Visualisation of individual full-length DENV RNA genomes using Atomic Force 

Microscopy (AFM) revealed that it was the physical interaction between 

complementary cyclisation sequences that cyclised DENV genomic RNA and that 

the genome was able to cyclise spontaneously in the absence of any other factor 

(Alvarez, Lodeiro, et al., 2005; Villordo and Gamarnik, 2009; Nicholson and White, 

2014).  

Following extensive mutational analysis and structural stabilisation techniques 

utilising both mini-genome and replicon transcripts and during infection with intact 

cyclisation sequences, it is predicted that both linear and circular genomic 

conformations are required throughout DENV replication. (Alvarez, Lodeiro, et al., 

2005; Villordo, Alvarez and Gamarnik, 2010). Moreover, the circular genomic form 

is critical for negative-sense RNA synthesis. Genomic cyclisation, via 

complementary cyclisation sequence binding, acts to bring the selectively RdRp 

bound SLA into close proximity of the 3ˊstem-loop (3ˊSL) and is suggested to 

induce the opening of the bottom half of the 3ˊSL structure (selective RdRp binding 

to SLA is depicted in Fig. 24) (Filomatori et al., 2006, 2011). This action transfers 

the RdRp to the conformationally prepared 3ˊSL, allowing for negative-sense RNA 

synthesis and therefore viral replication (Filomatori et al., 2006; Lodeiro and 

Filomatori, 2009) (Fig. 25). Additionally, both SLA and the cyclisation sequences 

are highly conserved throughout the Flavivirus genus suggesting that genomic 

cyclisation, and the NS5-RNA interaction to be a vital criterion in general within the 

Flavivirus family (Hodge et al., 2016; Villordo et al., 2016). 
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Figure 24 The binding site of DENV RdRp on SLA RNA: 

A schematic of the position of DENV RdRp binding to the DENV 5ˊ promoter element SLA. 
The DENV RdRp is known to bind selectively and with high affinity to the top-loop and 
side-stem loop of the 5ˊ promoter SLA, as determined by footprinting and Electromobility 
shift assay (EMSA). EMSA protected nucleotides are depicted in red according to the work 
of (Filomatori et al., 2011). Figure created using the RNA structure visualisation applet 
VARNA.
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Figure 25 A schematic of DENV replication: 

1) Capped DENV genomic RNA is cyclised by complementary RNA-RNA interactions. 2) 
NS5 binds selectively via the RdRp domain to SLA, the 5ˋpromoter of DENV replication 
and is transferred to the 3ˊSL to initiate negative-sense RNA synthesis. De novo RNA 
synthesis is initiated using the conserved 3ˊgenomic end as a template. 3) The RdRp 
synthesises the complete negative-sense strand. 4) The double-stranded replicative form 
is synthesised, consisting of the positive-sense template genomic strand annealed to the 
de novo synthesised negative-sense strand (RF). 5) The negative-sense RNA form serves 
as a template for the synthesis of positive-sense genomic RNA (RI). Synthesised positive-
sense genomic RNA can be encapsidated or used for further rounds of host cell 
translation. Adapted from (Malet et al., 2008). 
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The linear genomic form is required for efficient replication, yet its apparent 

function remains unknown (Villordo, Alvarez and Gamarnik, 2010). The linear 

conformation may act to inhibit negative-sense RNA synthesis, providing a 

mechanism to control the 100:1 ratio of positive-sense versus negative-sense RNA 

in infected cells. Additionally, the same genomic RNA is utilised as a template for 

early host cell translation. It may be that the linear conformation is required during 

host cell translation and is stabilised by the interaction of the DENV 5ˊ UTR with 

translation initiation factors (Villordo, Alvarez and Gamarnik, 2010).  

Moreover, it is unclear how the DENV capsid protein recruits genomic RNA for 

subsequent encapsidation and virion release. It is plausible that a certain genomic 

conformation is required for encapsidation and capsid recognition. This RNA 

conformational selectivity for encapsidation has been demonstrated in the life-

cycle of retroviruses (Huthoff and Berkhout, 2001; D’Souza and Summers, 2004). 

Alternatively, although evidence strongly suggests that base-pairing between the 

complementary 5ˋ and 3ˋ cyclisation sequences results in genomic cyclisation, it 

is proposed that such base-pairing does not necessarily require genomic 

cyclisation. It is suggested that the functional requirement for base-pairing between 

5ˋ and 3ˋ cyclisation sequences could be equally fulfilled by the formation of 

multimeric structures in trans. The cyclisation sequences could be used to 

assemble an anti-parallel homoduplex or to assemble head-to-tail multimeric 

concatemers from multiple genome copies (Lott and Doran, 2013) (Fig. 26). Both 

the circular conformation and the formation of a genomic homoduplex would unfold 

SLB and sHP stem-loop structures. In contrast, both the linear genomic 

conformation and the formation of genomic concatamers would allow these 

structures to be maintained. These proposed biologically active genomic 

assembles, although not yet demonstrated to exist in vitro, would maintain 

replicative ability due to the proximity of 5 ˊ SLA to the 3ˊ SL for RdRp transfer and 

subsequent negative-sense RNA synthesis and are depicted in figure 26. 
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Figure 26 The four potential biologically active forms of DENV genomic RNA: 

A) Complementary cyclisation sequences at the termini of DENV genomic RNA 
intramolecularly base pair forming the circular genomic form from the linear genomic form. 
The locations and complementarity of the cyclisation sequences are depicted. The UAR 
is shown in red, the DAR is shown in green and the CS in purple. The dashed line 
represents the intervening 10 kb of the viral genome. B) An anti-parallel homoduplex 
formed by the intermolecular base-pairing of two DENV genomic RNAs using the same 
complementary sequences. The top and bottom strands are identical but are shown in 
black and blue respectively. C) A head-to-tail concatemer is also possible through 
intermolecular base-pairing. Genomes are identical and depicted in black and blue 
respectively. SLB and sHP which are unfolded in either cyclised or dimeric form are able 
to coexist in concatemeric formation. Adapted from (Lott and Doran, 2013). 
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Although single molecule cyclisation was directly visualised by AFM, the in vitro 

experimental conditions utilised were poorly representative of the physiological 

environment (Alvarez, Lodeiro, et al., 2005; Lott and Doran, 2013). This action was 

suggested to strongly bias the result towards the desired observation of genomic 

cyclisation, for example dilution of the genome ensured only a cis interaction could 

be observed (Alvarez, Lodeiro, et al., 2005).  Additionally, it was shown using an 

in vitro replication assay that efficient replication initiation was observed when the 

DENV  5ˊ terminal region was added in either cis or trans (You and Padmanabhan, 

1999). Furthermore, as discussed previously, deletion and compensatory mutation 

experiments using Flavivirus replicon systems or mini-genomes containing intact 

cyclisation sequences further demonstrated this base-pairing requirement for viral 

replication (Khromykh et al., 2001; Lo et al., 2003; Lott and Doran, 2013; de Borba 

et al., 2015; Liu et al., 2016). However, none of the assays excluded the possibility 

that the complementary cyclisation sequences incorporated in cis were acting in 

trans (Lott and Doran, 2013). Despite this suggestion of trans molecular 

interactions, the linear to circular transition of the DENV genome is the most 

experimentally evidenced and supported theory.  

As evidenced, the DENV genome acquires and regulates different genomic 

conformations during replication as a fundamental requirement of the viral life-

cycle and these genomic conformational changes have not been interrogated in 

the context of full-length DENV RNA, the most physiologically relevant form. The 

molecular constraints of why, how and what regulates the linear to circular genomic 

switch have yet to be examined and is therefore a focus of this project with the aim 

of increasing our knowledge of DENV, and therefore Flavivirus, RNA structure at 

the molecular level, further elucidating a significant anti-viral target.   

1.3.2.2 SLB and the UFS switch model  

Previous in vitro footprinting studies carried out on DENV-2 genomic RNA 

suggested the importance of a poly-uracil (poly-U) rich nucleotide region between 

the SLA and SLB elements of the 5ˊterminus of DENV genomic RNA. The poly-U 

nucleotide tract is suggested to function as a spacer/hinge, providing flexibility for 

the SLA promoter element to transfer the bound RdRp to the 3ˊSL (Filomatori et 

al., 2011) and is consequently the reason why most DENV linear structural 
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presentations utilise this structural model in publications. However, opinion 

remains divided regarding the function of this sequence and the stem-loop 

structures downstream of SLA, such as SLB and cHP, during DENV replication 

(Fig.  27).  

A novel RdRp-SLA binding requirement model was presented by Liu and 

colleagues in 2016. This model proposes the strict structural requirement of the 

base of SLB, including the poly-U tract, which is hybridised in this format, in DENV 

replication. This region has been named the 5ˊUAR flanking stem (UFS) because 

of its location which constrains the 5ˊUAR and SLB between its proposed two 

strands (Fig. 27). It is suggested that the UFS regulates the binding of DENV RdRp 

to SLA by dynamically regulating DENV genomic conformation during viral 

replication (Liu et al., 2016). 

 

  

 

 

 

 

 

 



55 

 

 

 

 

 

Figure 27 Differing conformations of the 5ˊ terminus of DENV genomic RNA:  

1) The hinge model – the polyU tract is available as a spacer/hinge during DENV 
replication. 2) The UFS model – the polyU tract is hybridised due to the proposed formation 
of the UFS. The polyU tract is indicated in red. The position of cyclisation sequences are 
highlighted.  The presence of the UFS is suggested to increase the affinity of the RdRp to 
SLA. The UFS is highlighted in the green box. Figure was created using VARNA.  
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In vitro SHAPE mapping (methodology further discussed in Chapter 4 section 4.1) 

approaches were utilised, alongside a bioinformatic approach, to infer the 

presence of the DENV UFS structurally, in the linear genomic conformation, 

conserved throughout the four serotypes in vitro utilising truncated genomic 

transcripts. However, it is of note that the DENV-2 UFS was inherently unstable in 

this context (Liu et al., 2016).  

The function of the UFS in DENV replication was interrogated using mutational 

analysis of the UFS during full viral replication whereby it was found that over-

stabilisation of the UFS hindered genomic cyclisation and therefore viral 

replication. Furthermore, the influence of the UFS on RdRp affinity for SLA was 

tested using EMSA, utilising mini-genome templates, able to cyclise, or truncated 

transcripts. It was found that the presence of the UFS increased the affinity of the 

RdRp-SLA interaction. A decrease in this apparent affinity was observed in the 

absence of the UFS (Liu et al., 2016). These findings subsequently led to the 

proposal of the UFS switch model for DENV replication via an ‘on’ ‘off’ mechanism. 

The UFS switch model proposes that when viral RNA is uncoated and released 

into the host cell cytoplasm, the genome is translated resulting in the production of 

a sufficient level of viral proteins and the formation of the replication complex. This 

process leads to the initial binding of RdRp to SLA and therefore the initiation of 

negative-sense RNA synthesis. Completion of negative strand synthesis 

generates the double-stranded replicative intermediate which serves as a template 

for the synthesis of positive sense genomic RNA. During the elongation of the 

nascent positive strand, the 5ˊ terminus of the parental positive strand is displaced 

first, and it is suggested that the UFS duplex folds at that point and is in the ‘on’ 

state. This ‘on’ state of the UFS subsequently facilitates the recruitment of NS5 via 

the RdRp domain to the available 5ˊ genomic terminus. After completion of nascent 

chain synthesis, the NS5 bound genomic RNA is suggested to undergo genomic 

cyclisation, setting the element to the ‘off’ state. Hybridisation of complementary 

cyclisation sequences unwinds the UFS, and therefore SLB, decreasing the affinity 

of the RdRp for SLA and promoting its translocation to the 3ˊSL, initiating the next 

round of negative sense-RNA synthesis (Liu et al., 2016). A schematic depiction 

of this model is detailed in figure 28.
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Figure 28 A schematic describing the function of the UFS switch model – a proposed mechanistic model of Flavivirus replication: 

1) Following entry, the viral genome is released into the cytoplasm followed by host cell translation producing a sufficient level of viral proteins 
for viral replication within the replication complex. 2) Accumulation of viral replication proteins (NS3 and NS5 shown) culminates in the formation 
of an RNA-viral replicase complex initiating negative-sense RNA synthesis generating the double-stranded replication form (RF). 3) Positive 
sense-RNA synthesis is initiated by the replicase complex. During this process the 5ˊ termini of positive genomic RNA is released inducing the 
formation of the UFS and a free NS5/replicase complex is able to bind the 5ˊ displaced end of the positive-sense genomic RNA. 4) Following the 
completion of positive strand RNA synthesis, the released positive sense-single stranded RNA genome is suggested to cyclise and the next 
round of negative-sense synthesis is able to commence. Adapted from (Liu et al., 2016) 
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Consequently, this proposed structurally dynamic model of DENV replication may 

be of great significance throughout the viral life-cycle. The UFS switch model may 

allow for the maintenance of the appropriate level of negative-sense genomic RNA, 

held within the replication complex and ensure an overall dynamic balance of 

DENV replication.  

The DENV-2 UFS was noted to be structurally unstable and may present a novel 

DENV replicative model with altered replicative kinetics and therefore the 

interrogation of this serotype, at the RNA structural level, during viral replication in 

vitro and during virus infection is an exciting avenue explored in this project.  

1.3.2.3 cHP 

It has been suggested that the cHP stem-loop element, a 5ˊstem-loop within the 

capsid-coding region adjacent to SLB, is a critical determinant of both DENV and 

WNV RNA synthesis. It was shown, utilising a combination of reporter replicons 

and infectious clones that an intact cHP structure is required for efficient RNA 

synthesis, acting independently of its sequence (Clyde, Barrera and Harris, 2008). 

The cHP may function structurally within the viral life-cycle as part of the overall 

topology of the 5ˊ terminus and may even act to stabilise the circular conformation 

of the viral genome (Clyde, Barrera and Harris, 2008).   

1.3.2.4 RNA structure and the host environment during DENV replication  

Members of the Flavivirus genus cycle between both mammalian and insect hosts. 

Establishing an efficient infection in such different physiological environments, with 

different selection pressures, demands these viruses to have evolved strategies 

for rapid adaptation. However, the mechanistic basis behind this clear adaptation 

process remains to be truly determined at the genomic RNA structural level.  

The mosquito-human adaptation process has been studied previously utilising 

deep sequencing and RNA structure analysis (conducted using SHAPE mapping) 

together with fitness evaluation, acting to define the process of host specialisation 

defined by RNA elements within the 3ˊUTR. In one such study, it was found that 

single nucleotide substitutions within the 3ˊsHP structure, which maintained the 

structure of the stem-loop, did not affect replication in mammalian cells but 

abolished replication in mosquito cells indicating a sequence dependence, and 
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possible interaction, in mosquito cells which is not required during mammalian 

DENV infection (Villordo and Gamarnik, 2013).  DENV adaptation to mosquito or 

mammalian cells and subsequent deep-sequencing showed a strong selection of 

specific mutations in the viral 3ˊUTR in each host, while the cis-acting structural 

elements present at the 5ˊ terminus of genomic RNA (SLA,SLB,cHP) remained 

unchanged. Additionally, a feature of the 3ˊUTR of all Flaviviruses is the presence 

of short direct repeats and long RNA element duplications. It is suggested that 

these stem-loop duplications incur a fitness advantage in insect cells whereas they 

are redundant in mammalian replication (Villordo et al., 2015). 

Therefore, the host environment and its clear structural implications demand to be 

elucidated during the structural interrogation of DENV replication and was 

subsequently considered during this presented study of DENV replication.  

1.4 Project aim and objectives  

As evidenced, the RdRp-SLA interaction is a fundamental requirement of DENV 

replication and subsequently presents an understudied, valid anti-viral target, 

desperately lacking in the treatment of DENV infection.   

This study aims to structurally interrogate this essential protein-RNA interaction 

using DENV-2 as a model serotype.  

Objectives: 

1) To determine the structure of DENV-2 RdRp bound and unbound to SLA 

promoter RNA by X-ray crystallography. 

2) To identify the conformational requirements of the full-length DENV-2 

genome in the presence of trans-activating factors, during active virus 

replication and in the replication complex, considering mammalian and 

insect host environments using both in vitro and intracellular SHAPE.  
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Chapter 2 Materials and methods 
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2.1 Materials 

2.1.1 Plasmids and vectors 

The DENV-2 New Guinea C (NGC) (accession number AF038403) replicon GFP 

expressing and full-length infectious plasmids were kindly provided by Dr. Andrew 

Davidson (University of Bristol). The NS5 and RdRP ORFs were sub-cloned into 

the pET-28a-his-SUMO expression vector. The identity of all sequences was 

confirmed prior to experimentation via DNA Sanger sequencing.  

2.1.2 Bacterial strains 

Plasmid DNA constructs were amplified, and recombinant DENV-2 NS5 or RdRp, 

was expressed following transformation of competent Escherichia coli (E.coli) 

cells. High efficiency DH5α E.coli (NEB) were used for the initial transformation of 

ligation reactions. For routine re-transformation procedures sub-cloning efficiency 

DH5α E.coli (NEB) were utilized. For protein expression, the BL21-Gold derivative, 

BL21-CodonPlus (DE3)-RIPL expression strain for optimised isopropyl β-D-1-

thiogalactopyranoside (IPTG) inducible protein expression of DENV-2 RdRp was 

used.  

2.1.3 Continuous mammalian cell lines 

HEK293T (Human Embryonic Kidney cell origin, expressing a mutant SV40 large 

T antigen (DuBridge et al., 1987)) cells were used for the generation of a DENV-2 

replicon expressing stable cell line and for host cell S100 cytoplasmic enrichment. 

BHK-21 (Baby Hamster Kidney fibroblast cell origin (Macpherson and Stoker, 

1962)) cells were used for DENV infection and titre determination via plaque assay. 

Cells were routinely cultured, harvested by trypsinisation and split when 80% 

confluency was reached, in complete media consisting of Dulbecco's Modified 

Eagle Medium (DMEM) high glucose (Sigma Aldrich), 10% foetal bovine serum 

(FBS) and 1% Penicillin Streptomycin (P/S) at 37 °C and 5% CO2.  
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2.1.4 Continuous mosquito cell lines 

C6/36 (Aedes albopictus origin (Igarashi, 1978)) cells were used for DENV 

propagation. Cells were routinely cultured, harvested by scraping and split at 80% 

confluency, in Lebovitz’s L-15 medium containing 10% FBS, 10% Tryptose 

Phosphate Broth and 1% P/S at 28 °C.  

2.1.5 Primers 

Oligonucleotide primers were synthesised for described experimental procedures 

(Sigma Aldrich). The oligonucleotide sequences are provided as follows in 5ˊ-3ˊ 

orientation:  

Table 1 Oligonucleotides 

 Forward Reverse 

DENV-2 

NS5 

GGAACTGGCAACATAGGAGA CTACCACAGGACTCCTGCCT 

DENV-2 

RdRp 

ATCGGAATTGAAAGTGAGAT CTACCACAGGACTCCTGCCT 

5ˊ 160 nt GCTAATACGACTCACTAT GCATATTGAAAGGCGTATTTC 

5ˊ 500 nt GCTAATACGACTCACTAT  

DENV-2 

NS3 

GCTGGAGTATTGTGGGATGTCC CTTTCTTCCAGCTGCAAACTCC 

ΔSLA TAATACGACTCACTATAGCAGATCTCT TTAATGGTCCTCGTCCCTGCAGC 

3ˊUTR TAATACGACTCACTATAGCACTGGAAG GCCGCTCTAGAACCTGTTG 

SHAPE  HEX/FAM 

TGTACAGTCGACACGCGGTTTC 

 

 

 

2.1.6 Antibodies 

Antibodies were used for protein identification via western blot. Primary and 

secondary antibodies utilized, as per manufacturer’s instructions, are listed below:   
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Table 2 Primary and secondary antibodies for western blot 

Target Primary antibody Secondary antibody 

DENV-2 NS5 Rabbit PA5-32200 (Thermo 

Scientific) 

Donkey anti-Rabbit 800 nm (Li Cor) 

β-Actin Mouse A1978 (Sigma Aldrich) Donkey anti-Mouse 680 nm (Li Cor) 

NUP98 Rabbit C39A3 (Cell Signalling 

Tech.) 

Donkey anti-Rabbit 800 nm (Li Cor) 

 

2.1.7 Buffer, media and stain preparation 

Listed as appropriate in Appendix I. 

2.2 Molecular biological methods 

2.2.1 Agarose gel electrophoresis 

The integrity, purity and size of plasmid DNA, PCR products, restriction digests 

and ligation reactions were determined by native agarose gel electrophoresis using 

1% agarose gels (0.5 g analytical grade agarose (Sigma Aldrich)) in 50 ml 1 X TAE 

with SYBR Safe DNA stain (Life Technologies at 1: 10,000 dilution). Samples were 

combined with a final concentration of 1 X DNA Gel loading dye (NEB). Samples 

were loaded alongside the ladder of choice for analytical size comparison (either 

1 Kb DNA ladder (NEB) or 1 Kb exACTGene ruler (Fisher)) and run at 90 V for 45- 

60 min in 1 X TAE buffer. UV transillumination was used for DNA visualisation.  

2.2.2 RNA quality analysis using denaturing formaldehyde MOPS 

agarose gel electrophoresis    

Products of in vitro RNA transcription reactions and Trizol (Thermo Scientific) 

extracted RNA samples were purity and quality analysed using denaturing 

formaldehyde agarose gel electrophoresis in 3-(N-morpholino)propanesulfonic 

acid (MOPS) buffer. A 1% agarose gel was prepared using analytical grade 

agarose (Sigma Aldrich) and 1 X MOPS in nuclease free water. 1.4 ml 37% 

Formaldehyde was added following the melting of the agarose. RNA samples for 

analysis were combined to a concentration of 1 X denaturing RNA loading dye 
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(NEB) and denatured at 65°C for 10 min. Samples were loaded alongside either a 

Millennium or Century RNA ladder (Ambion) as appropriate for relative size 

comparison and electrophoresis performed at 90 V for 1 hr in 1 X MOPS buffer. 

Blue light transillumination was used for RNA visualisation.  

2.2.3 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

5 ml SDS-PAGE gels were made with a 7%, 10% or 12% resolving gel (10 ml) 

where appropriate (4 ml 30% bis-acrylamide, 2.5 ml 1.5 M Tris-HCl pH 8.8, 4 ml 

ddH20, 100 μl 10% SDS, 100 μl ammonium persulphate (APS), 10 μl N,N,N′,N′-

tetramethylethylenediamine (TEMED)) with a 5% stacking gel (0.83 ml 30% bis-

acrylamide, 0.63 ml 1 M Tris-HCl pH 6.8, 3.4 ml ddH20, 50 μl 10% SDS, 50 μl 10% 

APS, 5 μl TEMED). Prior to analysis, protein samples were mixed 1:1 with 2 X 

denaturing sample buffer. Protein samples were denatured by heating to 95 oC for 

5 min prior to loading on to gels. Samples were loaded alongside 5 μl colour pre-

stained protein standard, broad range marker (NEB) for size analysis. 

Electrophoresis was performed in SDS running buffer for 50-60 min at 200 V. 

2.2.4 Protein visualisation by Coomassie stain 

Proteins previously resolved by SDS-PAGE electrophoresis were visualized 

directly following incubation in Coomassie stain at room temperature for 15 min 

followed by de-staining for 16 hrs at room-temperature in de-stain solution. Gels 

were rehydrated in ddH20 prior to imaging.  

2.2.5 Western blot analysis 

Proteins for identification and analysis were transferred from SDS-PAGE gels to 

fluorescence compatible polyvinylidene fluoride membranes (Immobilon-FL 

Transfer membranes; Millipore) using a Trans-blot semi-dry cell (Bio-Rad) in 

Towbin buffer for 1 hr at 15 V. The membrane was blocked for 1 hr at room 

temperature in 50% (v/v) Odyssey blocking buffer- Phosphate buffered Saline 

(PBS) Licor in PBS. Blocking buffer was then exchanged with appropriately diluted 

antibody in 75% (v/v) PBS, 25% (v/v) Odyssey blocking buffer and incubated for 1 

hr at room temperature or overnight at 4 oC. Membranes were then washed with 

PBS before incubation with the appropriate fluorescently tagged secondary 
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antibody for 1 hr at room temperature in the dark. Secondary antibodies were 

directly visualised using a LiCor Odyssey Sa Infrared imaging system (LiCor). 

2.2.6 Restriction endonuclease digestion 

Plasmid DNA and Polymerase Chain Reaction (PCR) products were subjected to 

restriction enzyme digestion for cloning, plasmid linearization in preparation for in 

vitro transcription and for diagnostic purposes. For cloning, the pET-28a-SUMO 

expression vector was digested with Bam HI and Xho I (New England Biolabs 

(NEB), concentration as per manufacturer’s instructions), in a 200 µl total volume 

containing 20 µg of DNA, 1 X CutSmart buffer (NEB) and nuclease free water 

(Ambion) and incubated overnight at 37 °C. The digested backbone was then 

dephosphorylated using 3 µl Calf Intestinal Alkaline phosphatase (10,000 u/ ml, 

NEB) and incubated at 37°C for 1 hr. NS5 and RdRp ORF PCR products for sub-

cloning were digested in a total volume of 100 µl containing 50 µl PCR reaction, 1 

X CutSmart buffer, Bam HI, Xho I (NEB, concentration as per manufacturer’s 

instructions) and nuclease free water and incubated for 3 hrs at 37 °C. For plasmid 

linearization in preparation for in vitro transcription, 20 µg DNA was linearized in a 

200 µl total volume containing 1 X CutSmart buffer (NEB), Xba I (NEB) and 

nuclease free water. All digestion reactions were purified, following agarose gel 

electrophoresis and gel extraction if required, utilising a Wizard® SV Gel and PCR 

Clean-Up System (Promega) as per manufacturer’s instructions.  

2.2.7 The in vitro transcription of capped and uncapped RNA 

transcripts                          

Capped full-length infectious DENV-2 RNA was synthesised in preparation for 

transfection to produce infectious DENV-2 virus. Following linearization of the 

DENV-2 plasmid containing the full-length infectious clone, capped RNA was 

synthesized utilizing a mMessage mMachine T7 transcription kit (Thermo 

Scientific) following manufacturer’s protocol. 

Uncapped RNA was synthesized for use in SHAPE mapping, polymerase activity 

assays and EMSA competition analysis. Uncapped RNA was produced, following 

plasmid linearization or PCR amplification and purification, utilizing a T7 

RiboMax™ Express Large Scale RNA Production System (Promega).  
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All transcripts were purified using Lithium Chloride (Thermo Scientific) precipitation 

as per manufacturer’s instructions. Following purification, a Nanodrop 1000 

(Thermo Scientific) was used to determine the concentration and denaturing 

formaldehyde agarose gel electrophoresis was used to determine the purity and 

quality of the sample.  

2.2.8 Polymerase Chain Reaction  

PCR was utilized to amplify both the DENV NS5 and RdRp ORFs from the DENV 

replicon plasmid to clone into the pET-28a-SUMO expression vector for protein 

purification. Additionally, PCR was used to generate 5ˊ160 nt, 5ˊ500 nt and 

electromobility shift assay (EMSA) template transcripts for use as templates for in 

vitro transcription for polymerase activity determination, in vitro SHAPE 

experimentation and EMSA competition study respectively. 

For protein expression ORF PCR amplification, primers were designed to 

incorporate terminal restriction endonuclease sites to facilitate sub-cloning into the 

pET-28a-SUMO expression plasmid. PCR reactions were performed in a 50 µl 

total volume containing 200 ng template DNA, 2.5 µl forward primer, 2. 5 µl reverse 

primer (both 10 µM), 1 µl 10 mM dNTPs, 10 µl 5 X GC buffer (NEB) and 1 µl 

Phusion DNA polymerase (NEB). Reaction cycles were performed in a 

thermocycler (Eppendorf); 30 seconds 98°C denaturation; 30 cycles of 98°C, 10 

seconds - 55°C, 30 seconds and a 1.5 minute 72°C elongation. A final 10 min 

extension at 72°C was performed before being cooled to 4 °C.  

For amplification of the 5ˊ160 nt, 5ˊ500 nt and EMSA transcript templates forward 

primers were designed to incorporate a T7 promoter sequence for in vitro 

transcription. PCR reactions were performed as described above in a total reaction 

volume of 50 µl. Reaction cycles were performed in a thermocycler (Eppendorf); 

30 seconds 98°C denaturation; 25 cycles of 98 °C, 10 seconds, 55°C 30 seconds 

and a 2.5 minute 72°C elongation.  A final 10 min extension at 72°C was performed 

before being cooled to 4 °C. All PCR products were purified utilising Wizard® SV 

Gel and PCR Clean-Up System (Promega) as per manufacturer’s instructions and 

analysed by agarose gel electrophoresis and eluted in 20 µl nuclease free water. 
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2.2.9 Bacterial transformation 

For routine plasmid amplification low efficiency E.coli DH5α cells were transformed 

according to manufacturer’s protocol. Briefly, approximately 50 ng of plasmid DNA 

or 1 µl of ligation reaction product was mixed with the DH5α strain of choice and 

incubated for 30 min on ice; followed by a 30 second 42°C heat shock and then 

recovered on ice for 2 min. 500 µl of Super Optimal broth with Catabolite repression 

(SOC) was added to the transformation mix and incubated in a shaking incubator 

at 37°C for 1 hr. 200 µl of the transformation mixture was then spread onto Luria-

Bertaini (LB) and 1.5% bacteriological agar plates containing the appropriate 

antibiotic and incubated for 16 hrs at 37 °C.  

2.2.10 Ligations 

Following restriction endonuclease digestion, PCR amplified and restriction 

endonuclease digested NS5 and RdRp ORF products were ligated into the 

prepared pET-28a-SUMO backbone for protein purification. Ligation reactions 

were performed at a 5:1 insert:vector molar ratio. The ligation reactions contained 

100 ng backbone DNA, the appropriate amount of insert, 2 µl T4 ligase (NEB), 1 

X T4 ligase buffer (NEB) to a total volume of 20 µl. Ligation reactions were 

incubated at room-temperature for 3 hrs and transformed into high-efficiency 

chemically competent E.coli following standard protocol.  

2.2.11 Plasmid DNA amplification 

Overnight cultures, grown at 37°C from either transformed colonies, glycerol 

stocks or a starter culture for large scale protein expression, were pelleted by 

centrifugation at 4000 xg at 4°C for 20 min. Plasmid DNA was isolated and purified 

using either a Maxi or Midi preparation kit (Thermo Scientific) following 

manufacturer’s instructions. Following purification, a Nanodrop 1000 (Thermo 

Scientific) was used to quantify the purity and concentration of the isolated DNA 

by spectrophotometry.  

2.2.12 Reverse transcription PCR (RT-PCR) 

RT-PCR was utilized to confirm the successful establishment of a DENV-2 stable 

cell line and for confirmation of DENV infection. First strand cDNA synthesis was 

performed using Random hexamer primers (NEB) as per manufacturer’s 
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instructions (SuperScript III First-strand synthesis system for RT-PCR). PCR 

reactions were performed using 10 µl GC buffer, 1 µl dNTP mix, 1 µl NS3 forward 

primer, 1 µl NS3 reverse primer (both 10 mM), 1 µl (2 U) Phusion polymerase, 2 

µl cDNA from the first-strand synthesis reaction and nuclease free water up to a 

total volume of 50 µl. Reaction cycles were performed in a thermocycler 

(Eppendorf); 30 seconds 95°C denaturation; 30 cycles of 95°C 30 seconds, 55°C 

30 seconds and a 2 minute 72°C extension. A final 10 min extension at 72°C was 

performed before being cooled to 4 °C. All PCR reactions were purified utilising a 

Wizard® SV Gel and PCR Clean-Up System (Promega) as per manufacturer’s 

instructions and analysed by agarose gel electrophoresis and eluted in 20 µl 

nuclease free water. 

2.2.13 Establishment of DENV-2 stable cell line 

A DENV-2 stably expressing replicon cell line was established for S100 protein 

extraction and for use in intracellular SHAPE experimentation. 8 µg of capped in 

vitro transcribed DENV replicon RNA was diluted in 200 µl Opti-MEM (Gibco). 12 

µl of Lipofectamine® 2000 reagent was diluted in 200 µl Opti-MEM. Both solutions 

were incubated at room temperature for 5 min. The solutions were then combined 

and incubated for a further 20 min at room-temperature. The final solution was then 

divided in half and added to 2 mls of HEK293T cells (400,000 cells/ml) in DMEM 

and 10% FBS. The suspension was further incubated for 10 min at room-

temperature prior to plating in a 12 well format. The plate was incubated for 6 hrs 

at 37°C before the media was replaced with complete media. The transfected cells 

were incubated for 72 hrs at 37°C prior to GFP fluorescence visualisation to 

confirm successful transfection. Following GFP visualisation, the transfected 

HEK293T cells were expanded into a 10 cm3 petri dish and maintained under 

Puromycin selection (3.5 µg/ml) in conditioned growth media. DENV-2 non-

structural protein expression was further confirmed using western blot and RT-

PCR.  

2.2.14 Isolation of HEK293T DENV-2 Replicon Cell Cytosol (S100) 

protein extract  

Cytosolic cell extract was harvested from cultured HEK293T DENV-2 Replicon 

cells for use in SHAPE mapping following the method of Zhou et al  (Zhou et al., 
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2000). In brief, 6 confluent T175 flasks were washed with PBS, trypsinized and 

pelleted by centrifugation at 1000 xg. The pelleted cells were washed twice with 

ice cold PBS and resuspended in 5 volumes of Buffer D and incubated on ice for 

20 min. The cells were homogenised using approximately 6 strokes of a Dounce 

homogenizer and pelleted by centrifugation at 1000 xg for 10 min at 4 °C. The 

supernatant was removed and pelleted again at 100,000 xg for 1 hr at 4 °C. The 

supernatant was aliquoted and stored at – 80°C prior to use.  

2.2.15 RNA transfection and generation of infectious DENV-2 

Infectious DENV-2 virus was generated for use in intracellular SHAPE. Capped 

full-length infectious DENV-2 RNA was generated as previously described. BHK-

21 cells were seeded in a 6 well plate prior to transfection at a density of 0.15 x 

106 cells/ ml and incubated until 60- 80% confluency was reached at the time of 

transfection. Duplicate wells of cells were transfected with 3.5 µg DENV RNA using 

Lipofectamine® 2000 (Thermo Scientific) as per manufacturer’s instructions. The 

remaining cells were used as a Lipofectamine 2000® only negative control and 

incubated for 3 hrs at 37 °C. The transfection mix was replaced with complete 

growth medium and incubation at 37°C continued for 72 hrs. The supernatant was 

harvested, and cell samples lysed in 1 X Passive lysis buffer (Promega (PLB)) for 

western blot analysis, and used to infect a T175 flask of C6/36 cells and incubated 

for a week at 28 °C. The supernatant was harvested, aliquoted and frozen at – 80 

°C. The virus stock was titred using a plaque assay as described in section 2.2.16. 

2.2.16 Titration of infectious DENV-2 and multiplicity of infection 

determination 

Generated infectious DENV-2 was titred to determine the plaque forming units/ ml 

(PFU/ml) of the virus stock for use in intracellular SHAPE. 24 hrs prior to infection, 

BHK-21 cells were plated at a density of 200,000 cells/ ml in a 6 well plate and 

incubated until 80% confluency was reached. The virus stock was thawed at room 

temperature and 10-fold dilutions were prepared in complete media. Cell 

monolayers were washed with PBS and 200 µl of virus dilution was added to each 

well in order. The plates were then rocked to ensure the cell monolayer was 

covered in the diluted virus and incubated at 37°C for 1 hr to allow virus entry. 

Following incubation, the diluted virus was removed from the cell monolayer and 
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replaced with 50: 50 1.6% Methyl cellulose (MC) to complete growth medium and 

incubated for 6 days at 37°C until plaque formation. The MC/media solution was 

removed and fixed in 10% Formaldehyde in water. The formaldehyde solution was 

removed, the cell monolayer stained with 0.25% Crystal violet and washed gently 

with ddH20 until plaques became visible. The plaques were then counted, using an 

appropriate dilution, and titre determined using the below equation: 

PFU/ ml = 
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑙𝑎𝑞𝑢𝑒𝑠 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑

𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (10−𝑥)×𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑣𝑖𝑟𝑢𝑠 𝑎𝑑𝑑𝑒𝑑 (𝑚𝑙)
 

Multiplicity of infection (MOI) is calculated to determine the number of virions that 

are added per cell during an infection, a means of standardizing experimentation. 

MOI is determined using the equation below:  

MOI =  
𝑝𝑓𝑢 𝑝𝑒𝑟 𝑚𝑙 𝑢𝑠𝑒𝑑 𝑓𝑜𝑟 𝑖𝑛𝑓𝑒𝑐𝑡𝑖𝑜𝑛

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 
 

2.3 Protein expression and purification in E.coli 

2.3.1 Bacterial expression strain selection 

Both DENV-2 NS5 and RdRp were tested for soluble protein expression using a 

range of E.coli expression strains including: BL21- Gold, BL21- Star, BL21- 

Rosetta 2 and BL21-CodonPlus (DE3)-RIPL (Agilent) and the most successful 

used for routine protein production. Briefly, 2 colonies per construct were picked 

and used to inoculate 10 ml LB starter cultures, containing the appropriate 

antibiotic and incubated for 16 hrs at 37°C whilst shaking. The bacterial culture 

was pelleted by centrifugation at 4000 xg and resuspended in 10 ml of fresh LB 

containing the appropriate antibiotic. Cultures were further incubated whilst 

shaking at 37°C until an optical density (OD 600nm) of 0.6- 0.8 was reached, 

analysed using a spectrophotometer (Bio-rad) and divided in half. Half was 

induced with 1 M IPTG and the other utilised as an uninduced control. The cultures 

were then further incubated at 37°C whilst shaking for 16 hrs. The cultures were 

then pelleted, resuspended in 1 X denaturing loading buffer and stored at – 20°C 

prior to analysis via SDS-PAGE gel electrophoresis and Coomassie stain.  
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2.3.2 Optimisation of IPTG concentration and temperature for 

induction 

Optimisation of IPTG concentration and temperature of induction was carried out 

to increase protein yield for crystallography. Optimisation was carried out using the 

DENV-2 NS5 expression construct and the optimised protocol followed for the 

expression of RdRp. Following construct transformation into BL-21 CodonPlus 

(DE3)-RIPL (Agilent) E.coli, a 20 ml starter culture was inoculated and grown whilst 

shaking at 37°C for 16 hrs. The culture was pelleted by centrifugation at 4000 xg 

and resuspended in fresh LB containing Kanamycin (50 µg / ml) and grown at 37°C 

until an OD of 0.6 – 0.8 was reached. 1 ml aliquots were taken and induced at 

varying IPTG concentrations (0.2 – 1 mM) and temperatures (15 – 25 °C) and 

grown whilst shaking for 16 hrs. Following incubation, the cultures were pelleted 

by centrifugation at 4000 xg and resuspended in 1 x denaturing loading buffer and 

stored at – 20°C prior to analysis by SDS-PAGE gel electrophoresis and western 

blot and the best conditions selected for protein purification procedures.  

2.3.3 Bacterial induction and lysis for protein purification  

Both DENV-2 NS5 and RdRp proteins were optimised for expression and purified 

in the same manner with the aim of producing a high concentration of pure protein 

for use in crystallographic and SHAPE procedures. Due to the fundamental 

instability of DENV-2 NS5, the purification of RdRp is described throughout.  

Freshly transformed BL21-CodonPlus (DE3)-RIPL E.coli were used to inoculate a 

10 ml LB starter culture containing Kanamycin (50 µg / ml) and grown for 16 hrs 

whilst shaking at 37 °C. The starter culture was used to inoculate 2 L of LB broth 

containing the appropriate antibiotic and incubated at 37°C until an OD of 0.6-0.8 

was reached. The cultures were induced for protein expression using 0.2 mM 

IPTG, allowed to cool to room temperature, and incubated at 15°C for 16 hrs whilst 

shaking. The culture was pelleted by centrifugation at 4000 xg for 20 min and 

stored at – 20°C until lysed for protein purification. 

The pelleted cells were thawed and resuspended in lysis buffer (10 ml / L of 

culture). Cells were incubated, whilst agitated, in lysis buffer at 4°C for 1 hr followed 

by a sonication procedure, on ice, of 10 cycles of 10 seconds 10 µm amplitude 
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bursts, and 10 seconds off. Lysates were then clarified at 25, 000 xg at 4°C for 45 

min. The clarified supernatant containing the soluble expressed protein was 

retained for RdRp purification via Nickel-affinity chromatography and size-

exclusion chromatography.    

2.3.4 Nickel affinity chromatography 

Nickel (Ni) affinity chromatography was used as an initial stage to isolate and purify 

the expressed, his-tagged RdRp protein from contaminants. 1 prepacked 1 ml High 

Performance HisTrap™ Ni column (GE Healthcare) attached to a peristaltic pump 

(Bio-rad), at 4 °C, was used per 2 L of initial culture, and washed with 5 column 

volumes (CV) ddH20 and equilibrated with 5 CV of binding buffer. The clarified 

supernatant was allowed to flow- through at a rate of 1 ml/ minute. The column 

was then washed with 10 CV binding buffer. 10 ml of wash buffer was prepared of 

identical composition to the binding buffer but containing 50 mM Imidazole and 

allowed to flow over the column. In order to remove any RNA bound to the target 

a 2 M NaCl, 20 mM Tris-HCl wash was included. The column was then back 

equilibrated with another 10 CV 50 mM imidazole wash. Elution of bound protein 

was performed with 2 CV elution buffer containing 20 mM Tris-HCl, 300 mM NaCl 

and 120, 300 and 500 mM Imidazole respectively. The eluted fractions were pooled 

prior to removal of the his-SUMO tag using SUMO protease and dialysed against 

5 L gel filtration buffer for 16 hrs at 4 °C. The pooled fractions were then further 

purified by size exclusion chromatography. All buffers were prepared at 4 °C. If 

required, samples of all fractions were taken and analysed by SDS-PAGE 

electrophoresis and visualised by Coomassie stain. 

2.3.5 Size exclusion chromatography 

Size exclusion chromatography was used to further purify the DENV RdRp from 

both the his-SUMO tag and the SUMO protease. A S200 Superdex 26/60 Column 

(GE Healthcare) was used with an Akta Prime pump and collection system at 4 °C, 

with a 280nm absorbance sensor to determine protein concentration in eluted 

samples and for trace analysis. Prepared gel filtration buffer was de-gassed and 

filtered using a 0.2 µm sterile filter and the S200 column washed with de-gassed 

ddH20 and equilibrated with de-gassed gel filtration buffer. Sample protein was 

sterile filtered using a 0.2 µm filter and loaded into an equilibrated 5 ml injection 
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loop. The pump and collection system was programmed to collect 3 ml fractions 

with a flow rate of 0.3 ml/min. The S200 column was routinely calibrated using a 

gel filtration buffer standard kit (Bio-rad). Fractions of interest were analysed by 

SDS-PAGE gel electrophoresis and pure protein concentrated, following the 

addition of 1 mM Tris (2-carboxyethyl)phosphine (TCEP), to the required 

concentration using a 50 kDa cut off Vivaspin concentration column (Sartorious 

Stedium) prior to experimentation.   

2.3.6 Storage of purified DENV RdRp 

Protein purified for X-ray crystallography studies was used for experimentation 

immediately. Preparations purified for activity studies and SHAPE mapping 

experimentation were stored at the desired concentration, following snap-freezing 

on dry ice, at – 80 °C.   

2.4 Determination of DENV-2 RdRp activity 

2.4.1 Circular Dichroism 

Circular Dichroism was carried out to investigate the secondary structure of 

purified DENV RdRp. Purified DENV RdRp was diluted to a final concentration of 

0.2 mg/ml in 300 mM NaCl, 20 mM Tris pH 7.5 and 1 mM TCEP in 200 μl. Circular 

dichroism was measured between 250 and 180 nm in a 1 mm path length cuvette 

using a Chirascan CD spectrometer (Applied Photophysics). 

2.4.2 Polymerase activity assay 

De novo RNA synthesis capability was determined in a total volume of 25 µl 

containing 50 mM HEPES (pH 8.0), 10 mM KCl, 5 mM MgCl2, 10 mM 

Dithiothreitol (DTT), 40 U RNase inhibitor, 500 µM (each) GTP, CTP, UTP, 10 µM 

[α-32P] ATP, 0.5 µg un-capped 5ˊ160 nt DENV template RNA and 1 µg of purified 

DENV-RdRp. The reactions were incubated at 30 ºC for 30 min and RNA purified 

using an RNAeasy mini kit (Qiagen) following manufacturer’s protocol. The RNA 

was eluted in RNase free water and α-32P incorporation was measured by 

scintillation counting. 
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Positive and negative controls of purified Hepatitis C Virus (HCV) NS5B and HCV 

NS5B GND and corresponding RNA template were kindly provided by Dr. C. 

Bartlett (University of Leeds). HCV NS5B GND refers to a GDD to GND mutation 

in the active site of HCV NS5B rendering the polymerase unable to replicate.  

 

2.4.3 Fluorescence Anisotropy  

The RNA binding capability of DENV-2 RdRp was tested using Fluorescence 

Anisotropy (FA). Binding of RdRp to short transcripts (5-20 nucleotides) of 3ˊ-

fluorescein labelled RNAs representing the known RdRp binding site on SLA were 

synthesised (Dharmacon). Reactions were carried out in triplicate in 384- well 

format, in 20 mM Tris-HCl pH 7.5, 150 mM NaCl and 0.01% (v/v) Triton X-100, with 

20 nM 3ˊ-FI-labelled RNA and increasing concentrations of DENV-2 RdRp (0.08 

nM to 9 µM). Plates were incubated at room temperature for 30 min prior to data 

collection on a Spark 10M Multimode Microplate Reader (Tecan) with a 480nm 

excitation filter and S/P- channel emission filters at 530 nm. All graphs were plotted 

using OriginPro 9.1 (Origin Lab) according to: 

𝑦 =  
𝐴1−𝐴2

1+( 
𝑥

𝑥0)𝑝
+ 𝐴2; 

y is the fraction of RNA bound, 𝑥 is the protein concentration, A1 is the initial value 

of y, A2 is the final value of y, 𝑥00 is dissociation constant (Kd) and p is the Hill 

coefficient. 

2.4.4 Electromobility Shift assay (EMSA) 

The RNA binding and template specificity, at physiological temperatures, of 

purified recombinant DENV-2 RdRp was further confirmed using protein/RNA 

EMSAs.  

2.4.4.1 In vitro transcription of unlabelled RNA templates for competition 

EMSAs 

All templates were approximately 160 nts in length. Un-labelled transcripts without 

SLA (Δ SLA) and the 3ˊ UTR of DENV genomic RNA were transcribed for analysis 

by EMSA competition. 
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2.4.4.2 In vitro transcription synthesis of radioactive + SLA transcript 

A radioactive template of approximately 160 nts in length containing the SLA 

promoter (+ SLA) was synthesised for shift analysis by EMSA. A DNA template 

was synthesised using PCR, utilising primers incorporating the T7 promoter 

sequence. The radioactively labelled +SLA RNA was in vitro transcribed in a 40 µl 

total volume containing 1 µg template, 1 X T7 polymerase buffer, 2 µl T7 

polymerase, 1 µl ATP, 2 µl CTP, GTP and UTP,10 μCi [α-32P]-ATP [Perkin Elmer], 

1M MgCl2, 2 µl Yeast inorganic pyrophosphatase (NEB), 1 µl (40 U) RNasin RNAse 

inhibitor (Promega) and nuclease free H20 up to volume. The reaction was 

incubated for 3 hrs at 37°C before purification using RNAeasy mini kit (Qiagen) 

following manufacturer’s protocol and eluted in 20 µl nuclease free water. 

Concentration was determined using a Nanodrop 1000 (Thermo Scientific) 

spectrophotometer. Purified transcripts were analysed for quality using denaturing 

MOPs agarose gel electrophoresis following fixing (46% (v/v) methanol, 46% (v/v) 

water and 8% (v/v) galacial acetic acid) and drying before exposing the gel to film 

and placed in an imaging cassette. RNA was visualised on a Fujifilm FLA-5000 

phosphorimager using a Fujifilm image reader under default settings and a white 

laser set to 635 nm.  

2.4.4.3 Protein/RNA binding conditions 

EMSA shift assays were carried out in a total volume of 30 µl containing 100 ng 

radioactive template RNA, 1 X SHAPE folding buffer, 0.5 X TE buffer, 1 µl (40 U) 

RNasin RNase inhibitor (Promega) and increasing concentrations of DENV-2 

RdRp from 0 to 20-fold molar ratio protein to radiolabelled +SLA template RNA. 

Competition assays were carried out at 20-fold molar ratio protein to hot +SLA 

RNA template and the hot transcript competed out with either cold Δ SLA or 3ˊ 

UTR at 20, 40 or 80-fold hot + SLA concentration. All reactions were combined 

prior to the addition of protein and folded at either 37°C or 28°C for 30 min. The 

protein was added, and the reactions incubated for a further 60 min at the required 

physiological temperature (28°C or 37 °C). The reactions were combined to a 

concentration of 1 X RNA loading dye (non-denaturing, NEB) prior to analysis by 

native gel electrophoresis.  
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2.4.4.4 Preparation of native gel 

A 4.5% native acrylamide gel was prepared in a 40 ml total volume as follows; 6 

ml Acrylamide mix (30%; 29:1 acrylamide: bisacrylamide), 4 ml 5 X Tris-borate 

/EDTA (TBE) buffer, 2 ml Glycerol (20% v/v), 28 ml nuclease free H20, 300 µl APS 

and 30 µl TEMED.  

 

2.4.4.5 Electrophoresis parameters and visualisation 

The native gel was pre-run in 1 X TBE buffer at 95 V for 30 min. The samples were 

loaded and the gel was run at 95 V for a further 3.5 hrs using a Biorad protean® II 

xi cell rig. Throughout the electrophoretic process the tank was packed around the 

outside with ice to prevent the gel from over-heating. EMSA assays were analysed 

following fixing and drying before exposing the gel to film in an imaging cassette 

and imaged as previously described (refer to section 2.4.4.2) 

2.5 DENV-2 RdRp crystallographic techniques 

Protein X-ray crystallography is a technique used to obtain the three-dimensional 

structure, and therefore interrogate the functionality, of a protein of interest via the 

X-ray diffraction of its crystallized form. We therefore sought to harness this 

technique to determine the structure of DENV-2 RdRp unbound and bound to 

DENV SLA RNA.  

2.5.1 Sparse matrix screening  

Sparse matrix screening of DENV -2 RdRp was carried out using the JCSG core 

suite screens I-IV (Qiagen). Sitting drops were set up in 96-well MRC-3 drop plates 

(Molecular Dimensions) using a Mosquito crystal Nanolitre protein crystallisation 

robot (TTP Labtech) with 30μl reservoir solution. Unbound protein was 

concentrated to 9 mg/ml and dispensed into 0.2-3 μl droplets containing protein: 

reservoir at ratios of 1:1, 2:1 and 1:2.  Additionally, equimolar (200 μM) protein and 

SLA RNA was combined and dispensed in the same manner. Plates were sealed 

with Viewseal pressure adhesive clear seals (Grenier Bio-One) and incubated at 

20 °C.  
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2.5.2 Crystal optimisation 

JCSG core suite screen sitting drops were monitored using a light microscope for 

crystal growth 24 hours after they were set up and then periodically for 1 month 

following using a Rockimager 1000. The most successful condition from the screen 

was further optimised. Sitting drops were set up in 96-well MRC-3 drop plates using 

a Formulatrix NT8 crystallisation robot. Unbound protein was concentrated to both 

9 mg/ml and 4.5 mg/ml and dispensed in 1 μl drops containing protein: reservoir 

at a ratio of 1:1. Equimolar protein and RNA was combined and dispensed in 0.75-

1 μl droplets containing protein: reservoir ratios of 1:1 and 2:1. Plates were sealed 

with Viewseal pressure adhesive clear seals (as before) and incubated at 20 °C. 

Crystal growth was monitored periodically over a 4-week period.  

2.5.3 Crystal streak seeding  

To obtain large single diffracting quality crystals, streak seeding was employed. 

Streak seeding is a method to introduce pre-formed crystal nuclei into a hanging-

drop to control nucleation in the aim of improving crystal growth. Poor quality 

crystals were aspirated from sitting-drop vapour diffusion plates and crushed into 

micro-seeds using either a cat whisker or Microseed beads (Molecular dimensions) 

to produce a concentrated seed stock. The seed sock was subsequently diluted 

1:5 and 1:10 in Gel filtration buffer and streaked using a cat hair into sitting-drops 

comprised of 0.5 – 1 M tri-sodium citrate (Na3 Cit) and N-Cyclohexyl-2-

aminoethanesulfonic acid (CHES) pH 9-10. Hanging drops were routinely 

monitored for crystal growth using a light microscope over a one-month period.  

2.5.4 Crystal harvesting and data collection  

Macromolecular crystals undergoing X-ray diffraction rapidly suffer radiation 

damage when collected at room temperature. This often results in the need for 

multiple crystals to collect a sufficient quantity of diffraction data for a complete 

dataset for the generation of the experimental electron density maps. The use of 

data collection at cryo-genic temperature has now been the principle method of 

data collection since the early 1990s. To facilitate the use of the cryo-genic 

temperature, the crystals must first be transferred to a condition typically containing 

the mother liquor with a suitable cryo-protectant prior to flash-freezing in liquid 



79 

 

nitrogen. The selection of cryo-protectants for any given protein crystal is often 

accomplished by trial and error. Cryo-protectant screening was performed using 

DENV-2 RdRp crystals and transferred into mother liquor containing different cryo-

protectants consisting of 25% (v/v) glycerol, 25% (v/v) ethylene glycol, 25% (v/v) 

PEG 400 and 25% (v/v) methyl-2 4-pentanediol. This initial cryo-protectant 

screening resulted in disordered diffraction patterns of low resolution at 

approximately 5.0 Å. Further screening of suitable cryo-protectant using Paratone-

N oil prior to cryo-cooling in liquid nitrogen yielded higher resolution and an ordered 

diffraction pattern. Paratone-N was subsequently used for cryo-cooling of all 

DENV-2 RdRp unbound and RNA bound crystals.  

All data were collected at 100K°C at the Diamond Light Source on macromolecular 

crystallography beamline station I03 using a wavelength of 0.9795 Å. For unbound 

DENV-2 RdRp, a complete dataset was recorded to 2.2 Å resolution from a single 

rod- shaped crystal.  

2.5.5 Data processing and structure solution 

The diffraction images for DENV-2 RdRp were integrated, scaled and reduced 

using three different sets of programs implemented as part of the CCP4 program 

suite XDS, AIMLESS, and CTRUNCATE or Xia2 (Potterton et al., 2003; Winn et 

al., 2011). Five percent of the reflections were selected at random and excluded 

from the refinement using the program FREERFLAG and constituted the Rfree set 

(Potterton et al., 2003; Winn et al., 2011). The crystal structure of DENV-2 RdRp 

was determined by molecular replacement (MR) using the program PHASER  with 

the DENV-2 RdRp domain bound to compound 27 (Lim et al., 2016) (Protein Data 

Bank (PDB) accession number 5K5M) as the search model (McCoy et al., 2007). 

One single MR solution was obtained from PHASER and after initial rounds of rigid 

body and restrained refinements using REFMAC5, iterative cycles of manual 

model building and refinement were carried out using COOT and REFMAC5 

respectively (Emsley and Cowtan, 2004; Murshudov et al., 2011). Figures were 

generated using PyMOL.  
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2.6 SHAPE mapping  

In vitro and intracellular SHAPE mapping was utilised to interrogate the structure 

of DENV RNA, acting to further decipher the molecular constraints behind the 

linear to circular genomic switch.   

2.6.1 In vitro SHAPE mapping  

2.6.1.1 Preparation of NMIA 

N-Methylisatoic anhydride (NMIA) (Sigma-Aldrich) was resuspended in anhydrous 

DMSO to a concentration of 1 M and stored at – 80°C prior to experimentation.  

2.6.1.2 NMIA modification 

Full-length or 5ˊ500 nt (~ 60 µg) DENV genomic RNA in nuclease free H20 RNA 

was denatured at 95°C for 2 min and snap-cooled on ice for 2 min. Following this 

103 µl ddH20, 45 µl 3.3 X folding buffer (333 mM HEPES, 30 mM MgCl2, 330 mM 

NaCl), and 2 µl (80 U) RNase inhibitor (either RNase Out (Invitrogen) or RNasin 

RNase inhibitor (Promega) was added and incubated at either 37°C or 28°C for 30 

min. If DENV-2 RdRp or trans-activating factors were to be added 10 µl of 2 mg/ml 

DENV-2 RdRp or 10 µl cellular extract was added and incubated for a further 30 

min at the required temperature. Following incubation, the reactions were equally 

divided into positive and negative reactions, to which 8 µl 50 mM NMIA (positive) 

or DMSO (negative) was added respectively. The reactions were incubated for 50 

min at the required temperature (28°C or 37 °C) and modified RNA purified using 

phenol-chloroform (Life Technologies) following manufacturer’s protocol. RNA 

pellets were resuspended in 10 µl 0.5 X TE buffer.  

2.6.1.3 Reverse transcription and preparation of sequencing ladder 

For both the positive and negative reactions 5 µl of modified RNA was incubated 

with 1 µl 10 µM 5ˊ FAM labelled fluorescent primer, and 6 µl ddH20 at 85°C for 1 

minute, 60°C for 10 min and 30°C for 10 min. A master mix of 4 µl Superscript III 

RT buffer, 1 µl 100 mM DTT, 0.5 µl 100 mM dNTPs, 1 µl (40 U) RNasin RNase 

inhibitor (Promega), 1 µl ddH20 and 1 µl (200 U) Superscript III reverse 

transcriptase (Thermo Scientific) was prepared and added to each reaction. The 

reactions were incubated for 30 min at 55 °C.  
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For preparation of the sequencing ladder, ~15 µg of unfolded in vitro transcribed 

template RNA was combined with 1 µl 10 mM 5ˊHEX labelled fluorescent primer 

and 2 µl ddH20. The reaction was incubated at 85°C for 1 minute, 60°C for 10 min 

and 30°C for 10 min. A master mix of 4 µl Superscript III RT buffer, 1 µl 100 mM 

DTT, 0.5 µl 100 mM dNTPs, 2 µl ddCTP, 1 µl (40 U) RNasin RNase inhibitor 

(Promega), 1 µl ddH20 and 1 µl Superscript III reverse transcriptase (Thermo 

Scientific) was prepared and added before incubation at 55°C for 30 min. 

1 µl 4 M NaOH was added to all reverse transcription reactions and heated at 95°C 

for 3 min. The reactions were then cooled to 4°C and pH adjusted with 2 µl 2 M 

HCl. cDNA was precipitated in 4 µl 3 M NaAc, 4 µl 100 mM EDTA, 1 µl 20 mg/ml 

Glycogen (Thermo Scientific) and 60 µl 100% ethanol for 16 hrs at – 80 °C. cDNA 

was pelleted by centrifugation and supernatant removed. The resulting cDNA 

pellet was resuspended in 40 µl deionised formamide (Hi-Di formamide (Thermo 

Scientific). Positive and negative samples were combined with 10 µl of 

corresponding sequencing ladder and stored at -80 °C.  

2.6.2 Intracellular SHAPE 

2.6.2.1 NAI synthesis  

2-methylnicotinic acid imidazolide (NAI) was produced as a 1:1 mixture with 

imidazole in DMSO stock solution as described in (Spitale et al., 2013). Briefly, 137 

mg (1 mmol) of 2-methylnicotinic acid was dissolved in 0.5 ml anhydrous DMSO. 

A solution of 162 mg (1 mmol) 1,1’-carbonyldiimidazole in 0.5 ml anhydrous DMSO 

was added dropwise over 5 min. The resulting 1 M solution was stirred at room 

temperature for 1 hr to allow for complete de-gassing and then further stirred at 

room temperature for a further 1 hr. The 1 M stock solution was aliquoted and 

stored at - 80°C 

2.6.2.2 NAI treatment and RNA extraction of stably expressing HEK293T 

DENV-2 replicon cells 

6 X T175 flasks of stably expressing DENV-2 HEK293T replicon cells were 

maintained and allowed to reach 80% confluency prior to NAI treatment. For RNA 

structure probing, cell monolayers were washed twice with ice cold PBS and 

scraped into PBS. The cells were pelleted by centrifugation at 1000 x g and half of 
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the pellets resuspended in 2 ml 200 mM NAI (in 10% DMSO made up in PBS) 

(positive) or 10% DMSO in PBS (negative) and allowed to incubate at 37°C for 15 

min. Following incubation, the cells were pelleted by centrifugation at 1000 x g and 

supernatant discarded, and the cell pellets resuspended in Trizol (Thermo 

Scientific). The reactions were then freeze-thawed at – 20°C prior to RNA 

extraction, as per manufacturer’s instructions. Extracted RNA was resuspended in 

20 µl nuclease free H20. Quality of extracted RNA was analysed by denaturing 

MOPs agarose gel electrophoresis prior to primer extension. Stable expression of 

DENV-2 replication proteins was further confirmed by RT-PCR and via cell lysis 

with PLB and western blot analysis. 

2.6.2.3 NAI treatment and RNA extraction of DENV-2 infected mammalian/ 

insect cells 

BHK-21 or C6/36 cells were routinely maintained as previously described and 

allowed to reach approximately 70% confluency prior to DENV-2 infection. 6 X 

T175 flasks of BHK-21 or C6/36 cells were infected at an MOI of 0.0002 and 

incubated at either 37°C or 28°C as appropriate for 72 hrs prior to NAI treatment 

and RNA extraction as described in section 2.6.2.2. DENV-2 infection was 

confirmed following RNA extraction by RT-PCR and infective culture supernatant 

analysed via lysis with PLB and western blot analysis 

2.6.2.4 Enrichment of DENV-2 replication complexes from stably 

expressing DENV-2 replicon cells 

6 X T175 flasks were maintained of stably expressing DENV-2 replicon cells and 

grown to 80% confluency prior to NAI treatment. Prior to 16 K fractionation, cell 

monolayers were washed twice with ice cold PBS and scraped into PBS. The cells 

were divided in half and pelleted by centrifugation at 1000 x g and half 

resuspended in 6 ml 200 mM NAI (in 10% DMSO made up in PBS) (positive) or 

10% DMSO (negative) and allowed to incubate at 37°C for 15 min. Following 

incubation, the cells were pelleted by centrifugation, supernatant discarded.  

Active DENV-2 replication complexes were enriched based on the protocol of 

(Uchil, Kumar and Satchidanandam, 2006). Each cell pellet was resuspended in 5 

ml Tris-HCl/NaCl/Mg (TNMg) buffer and allowed to swell on ice for 20 min. The 

cells were disrupted by passing through 19- and 25-gauge needles 20 times each 
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and 10 times through a 27-gauge needle. The cell lysate was centrifuged at 800 x 

g for 12 min at 4 C, generating supernatant and nuclear pellet (Nuc) fractions. The 

supernatant fraction was transferred to a new tube and further centrifuged at 

16,000 x g for 15 min, resulting in a cytoplasmic fraction (Cyt) and a heavy 

membrane pellet fraction containing the viral replication complex (16K). The Nuc 

and 16K pellets were resuspended in 125 μl of TNMg buffer. The two positive and 

negative 16 K fractions were divided into 3 prior to the addition of 200 µl Trizol 

(Thermo Scientific). Total RNA was extracted following freeze-thaw at – 20°C as 

per manufacturer’s instructions and resuspended in 20 µl nuclease free H20. RNA 

quality was analysed by denaturing MOPS agarose gel electrophoresis.  

All extracts were aliquoted and stored at -80 °C. Fractions were further analysed 

for enrichment by SDS-PAGE gel electrophoresis and western blot. 

2.6.2.5 Reverse transcription and preparation of sequencing ladder  

20 µl NAI/DMSO treated, Trizol extracted RNA was combined with 4µl 10 µM FAM 

labelled fluorescent primer and incubated at 85°C for 1 minute, 60°C for 10 min 

and 30°C for 10 min. A master mix of 8 µl (200 U/ µl) Superscript III RT buffer, 2 µl 

100 mM DTT, 2 µl 10 mM dNTPs, 1 µl (40 U) RNasin RNase inhibitor (Promega), 

1 µl ddH20 and 2 µl Superscript III reverse transcriptase (Thermo Scientific) was 

prepared and added to each reaction. The reactions were incubated for 30 min at 

55 °C.  

Sequencing ladders were prepared, using the appropriate in vitro transcribed RNA 

template, and combined with probed samples as described in 2.6.1.3.  

2.6.3 SHAPE data analysis 

In vitro and intracellular SHAPE fragment analysis was conducted by capillary 

electrophoresis by DNA sequencing and services, Dundee University. SHAPE 

data was analysed in the program QuSHAPE (Karabiber et al., 2013) and RNA 

structure prediction was carried out using RNAstructure software (Reuter and 

Mathews, 2010) using the generated SHAPE reactivity profile as a pseudo free 

energy constraint. Alternatively, reactivities were overlaid onto the 

thermodynamically predicted structure (Mfold, (Zuker, 2003)) of the first 145 nts of 
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DENV genomic RNA using the RNA structure applet VARNA. All figures were 

created using the RNA structure applet VARNA.  
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Chapter 3 Expression, purification, functional and structural 

analysis of DENV-2 RdRp 
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3.1 Introduction 

DENV is the most prominent arboviral disease in the world (European Centre for 

Disease Prevention and Control, 2018). To date, neither direct acting anti-virals or 

a universally accessible vaccine exists in the treatment of DENV. DENV replication 

provides one such significant anti-viral target and is therefore the focus of our 

studies. 

A fundamental requirement of DENV replication is the binding of the DENV-2 RdRp 

domain to 5ˊSLA RNA. Genomic cyclisation acts to transfer the RdRp to the 3ˊSL 

to initiate negative-sense RNA synthesis and therefore replicate the viral genome. 

Consequently, this protein-RNA interaction provides a significantly understudied 

structure based direct acting anti-viral target.  

This chapter describes the expression, purification, activity analysis and structural 

determination using X-ray crystallography, of the DENV-2 RdRp domain and our 

RdRp and SLA co-crystallisation efforts. Additionally, purified, active DENV-2 

RdRp was used during in vitro SHAPE mapping procedures (Chapter 4).  

3.1.1 Introduction to the bacterial expression of DENV-2 RdRp 

Structural studies such as X-ray crystallography require the production of milligram 

quantities of homogeneous pure protein. The most common method of protein 

expression is the over-expression of recombinant proteins utilising prokaryotic E. 

coli based expression systems and subsequent purification.  

The plasmid used here is a pET-28a based vector whereby the expression of the 

DENV-2 RdRp target protein was under the control of a lac operator. Utilising the 

pET system, expression of the protein of interest is driven by bacteriophage T7 

RNA polymerase which binds to the specific promoter region upstream of the target 

DENV-2 RdRp ORF for expression. pET systems can therefore be introduced into 

various strains of E. coli which express T7 RNA polymerase, such as the strain 

utilised here BL21-CodonPlus (DE3)-RIPL. Expression of DENV-2 RdRp was 

induced via the introduction of IPTG which binds to the lac repressor instigating an 

allosteric change in the repressor, catalysing its removal from the lac operator. 

This allows for the production of T7 RNA polymerase, the synthesis of mRNA and 
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subsequent protein expression from lac operator linked genes. A schematic of the 

IPTG induced expression of the DENV-2 RdRp construct is depicted in figure 29. 

 

Figure 29 Expression of DENV-2 RdRp utilising the pET expression system: 

The expression of his-SUMO-DENV-2 RdRp construct following IPTG induction in BL21-
Codon Plus (DE3)-RIPL E.coli prokaryotic cells. In the absence of IPTG the lac repressor 
prevents the transcription of T7 RNA polymerase (left). Following IPTG induction, IPTG 
binds to the lac repressor catalysing an allosteric change rendering the lac repressor 
unable to bind, allowing for the production of T7 RNA polymerase. The T7 RNA 
polymerase then binds to the T7 promoter allowing for the expression of the target protein 
(right).  

 

 

3.1.2 Introduction to the purification of DENV-2 RdRp 

The establishment of a successful purification protocol demanded stringent testing 

of multiple growth conditions, considering both temperature, concentration of IPTG 

induction and chromatography techniques, to yield pure, functional DENV-2 RdRp 

of a sufficient yield for both X-ray crystallography and in vitro SHAPE studies 

(discussed in Chapter 4).  

Purification optimisation was carried out using full-length DENV-NS5 however the 

full-length protein was inherently prone to degradation. When the stability of this 

protein could not be improved, DENV-2 RdRp was shown to purify suitably utilising 

the same protocols without further optimisation (Fig. 30). This is therefore the 
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reason why the optimisation of IPTG temperature and concentration is described 

using the full-length DENV-NS5 protein.  

 

 

 

Figure 30 Schematic of DENV-2 full-length NS5 and DENV-2 RdRp constructs:  

Full-length DENV-2 NS5 was used for the optimisation of protein expression and 
purification. Following purification, the full-length protein was unstable. The DENV-2 RdRp 
construct remained stable following the same purification procedure and was therefore 
used for both X-ray crystallography and in vitro SHAPE mapping experimentation.  

 

The final optimised DENV-2 RdRp purification procedure is based on two separate 

purification techniques – nickel affinity chromatography followed by size exclusion 

chromatography (SEC):  

Nickel affinity chromatography exploits the binding of poly-histidine tagged proteins 

to resin embedded with immobilised Ni2+. Histidine, through its side chain, binds to 

these immobilised ions because of electron donor groups within the imidazole ring. 

The use of poly-histidine tagged DENV-2 RdRp allows for the capture of the target 

protein on immobilised nickel resin and therefore isolation from contaminating 

proteins of E. coli origin. Following the binding of his-SUMO-DENV-2 RdRp to 

nickel resin, sequential washing with buffers containing an increasing 

concentration of imidazole competes with the bound target protein. Imidazole 

competes with the histidine-Ni2+ binding site gradually removing weaker binding 

partners, facilitating the isolation of the target protein (Fig.  31).  
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Figure 31 The E. coli expressed DENV-2 RdRp construct and nickel affinity 
chromatography principle: 

A) The E. coli expressed poly-histidine and SUMO tagged DENV-2 RdRp. B)  Nickel 
affinity purification of his-SUMO tagged DENV-2 RdRp on immobilised nickel resin. Nickel 
affinity diagram adapted from (Promega, 2018), Imidazole ring adapted from (IGEM, 
2018).  

 

Following nickel affinity chromatography, the poly-histidine tag was cleaved using 

SUMO protease during dialysis which also removed the imidazole from the protein 

preparation. The cleavage of the SUMO tag, comprising the 6xhis-SUMO portion 

of the fusion protein from the DENV-2 RdRp target protein generated two separate 

proteins – one ~73 kDa protein comprising the DENV-2 RdRp and the his-SUMO 

tag of ~15 kDa, in addition to the SUMO protease of ~25 kDa. The SUMO tag is 

cleaved through a tertiary structure driven interaction, allowing for the increased 

specificity of the protease (Panavas, Sanders and Butt, 2009). Size exclusion 

chromatography (SEC) was then utilised to separate the three distinct proteins 

away from each other on account of their relative size. 

SEC utilises a bead matrix with varying microscopic pores present within the 

beads. The physical structure of the matrix allows for proteins of different size to 

flow through the resin at different rates (Wang et al., 2010). Depending on the 

chosen column type, multimeric and large proteins are eluted first as they flow 
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through the column without restriction. In contrast, smaller proteins flow through 

the pores in the matrix, reducing their flow rate and therefore their elution time. 

Protein elution is monitored by UV absorption at 280 nm and size confirmed in 

comparison to a standard protein calibration curve (Fig. 32).  

 

 

 

Figure 32 Size-exclusion chromatography: 

A) The principle of size exclusion chromatography utilised in the purification of DENV-2 
RdRp. B) A280nm absorbance chromatogram for protein fraction selection. Adapted from 
(Creative Biostructure, 2018; GE Healthcare Life Sciences, 2018).  
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3.1.3 Confirming the identity and activity of DENV-2 RdRp 

To determine the structural influence of DENV-2 RdRp on DENV genomic RNA 

structure and for structural analysis by X-ray crystallography correctly folded, 

active protein, with the ability to bind DENV RNA, and of confirmed identity was 

required. Consequently, we identified and analysed the folding capability and 

activity of the protein using multiple methods as described below: 

The identity of DENV-2 RdRp was confirmed following purification by western blot. 

Western blot is an immunological technique whereby the protein of interest is 

identified following SDS-PAGE gel electrophoresis with subsequent transfer onto 

a membrane. The membrane is then probed with an antibody directed against the 

target protein, in this case the C’ terminal portion of DENV-2 NS5. The bound 

primary antibody is then further detected using a secondary fluorescently tagged 

antibody directed against the species of the primary antibody. The secondary 

antibody and therefore the identity of the target protein can then be confirmed in 

comparison to a standard protein size ladder.   

Circular dichroism (CD) was carried out to investigate the secondary structure of 

purified DENV-2 RdRp. The technique measures the difference in absorption of 

left and right circularly polarised light. This phenomenon arises due the chirality of 

proteins as determined by the presence of α- helices, β-sheets or random coils, 

each with unique absorbance spectre. The differential absorbance for different 

protein structures allows for both the type and extent of secondary structure 

formation of a protein to be determined. This was used to confirm the correctly 

folded structure of DENV-2 RdRp in comparison to other published serotype 

structures. 

The de novo RNA synthesis capability of DENV-2 RdRp was confirmed using an 

optimised polymerase activity assay. Following filter purification, the incorporation 

of α-32P ATP into the nascent RNA chain was quantified using scintillation 

counting.  

The DENV genomic RNA binding capability of purified DENV-2 RdRp was 

confirmed using both Fluorescence Anisotropy (FA) and Electromobility Shift 

Assay (EMSAs) at both mammalian and insect temperatures. The principle of FA 
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is that when a fluorescently labelled molecule, in this case DENV RNA, is excited 

by polarised light, the fluorophore emits light with a degree of polarisation that is 

inversely proportional to the ‘tumbling rate’ of the labelled molecule. A small 

unbound labelled RNA will have a fast tumbling rate which will result in 

depolarisation of the emitted light during the lifetime of its excitation (~4 

nanoseconds for fluorescein, used here). However, if the small labelled RNA binds 

a larger target protein molecule, i.e. DENV-2 RdRp, the RNA-protein complex will 

have a slower rotation and the emitted light will be polarised to an extent (Fig. 33). 

Binding of DENV-2 RdRp to different lengths of 3ˊ fluorescein-labelled RNAs was 

assessed in this manner, with higher anisotropy values indicative of binding. 

Additionally, FA was further utilised to select suitable DENV genomic binding 

partners with suitable EC50s for DENV-2 RdRp – RNA co-crystallisation studies.  

 

 

 

Figure 33 Principle of fluorescence anisotropy: 

A schematic of the principle of fluorescence anisotropy. Left: Small 3ˊ-fluorescently 
tagged RNAs, for example small SLA RNA oligonucleotides, have rapid rotation in solution 
when unbound and therefore tumble rapidly. Fluorescence is subsequently depolarized 
by the rapid motion resulting in reduced anisotropy. Right: Binding of a larger protein, for 
example DENV RdRp, to the fluorescently labelled RNA reduces the rate of tumbling. The 
emitted fluorescence of the bound protein-RNA complex is subsequently depolarised less 
resulting in a greater anisotropy. Adapted from (Du, 2015). 
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EMSAs were used to further confirm the binding capability of DENV-2 RdRp to 

DENV genomic RNA at both mammalian and insect physiological temperature (37 

°C and 28 °C). A mobility shift assay is the electrophoretic separation of a protein-

DNA or, in this case, protein-RNA mixture on a native polyacrylamide gel. The 

target RNA is radioactively labelled to allow for detection. Radioactively labelled 

RNA of the same concentration is subsequently incubated with an increasing 

concentration of DENV-2 RdRp, at the desired physiological temperature and 

analysed following native polyacrylamide gel electrophoresis and exposure to 

photographic film. If the protein is able to bind to the target labelled RNA, a larger 

complex is formed and as a result the complex ‘shifts’ up on the gel due to the 

slower migration of the bound protein-RNA complex. The shift is proportional to 

the concentration of bound protein, i.e. the greater the concentration of protein the 

greater the shift. Furthermore, the affinity and specificity of the protein for its target 

RNA can be interrogated using competition EMSAs, whereby the labelled target 

RNA is out-competed using different RNA transcripts. We exploited this technique 

to further analyse the requirement of DENV-2 RdRp binding to 5ˊSLA. Therefore, 

we utilised EMSAs and competition EMSAs to further confirm the RNA binding 

capability of DENV-2 RdRp and to interrogate the affinity of the protein for 5ˊSLA 

RNA.  

3.1.4 Determination of the crystal structure of DENV-2 RdRp and 

RdRp-RNA co-crystallisation studies   

The structural study of DENV full-length N55 and the RdRp domain has largely 

focussed on DENV serotype 3 (Yap et al., 2007; Lim et al., 2013; Noble et al., 

2013). Although a crystal structure has previously been solved of the DENV-2 

RdRp bound to compound 27 (Lim et al., 2016) the unbound DENV-2 RdRp has 

yet to be published. Moreover, neither full-length NS5 or RdRp crystal structures 

of any serotype have been solved bound to DENV-SLA RNA. Consequently, we 

sought to study this critical protein-RNA interaction to gain knowledge at the 

structural level of the change in the structure of the protein upon the initiation of 

DENV genome replication – a significant anti-viral target. 

Approximately 80% of the macromolecular structure data in the Protein Databank 

(PDB) was obtained using the technique of X-ray crystallography, highlighting the 
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importance of this technique in structural research (RCSB PDB, 2018). During an 

X-ray crystallography experiment, X-rays are diffracted by the electrons contained 

within a protein crystal. Collection of the diffracted data allows the researcher to 

calculate an electron density map into which the atomic model of the protein can 

be fitted. However, structure solution poses a multitude of problems. Some of these 

difficulties are fundamental, for example the ‘phase problem’ and other difficulties 

are practical, such as crystal growth and harvesting. However, despite limitations, 

X-ray crystallography remains the preferred option for high-resolution structure 

solution with the ability to achieve atomic resolutions of typically 1-3Å (RCSB PDB, 

2018).  

3.1.4.1 An introduction to crystal growth  

Once a suitable protocol has been established for pure protein production the next 

step is crystal growth. X-ray crystallography requires well-ordered, and well 

diffracting protein crystals. Additionally, experimentation often requires highly 

automated robotic systems for setting up crystal screens and making buffers 

allowing for crystallisation conditions to be reproduced more accurately. Yet 

despite robotic advances and standardisation, crystal growth remains a 

fundamental hurdle of the crystallography process.  

The growth of protein crystals is required because the intensity of diffracted X-rays 

from a single protein molecule is weak and undetectable. Protein crystals contain 

many copies of a protein in an ordered lattice that is utilised to amplify the signal 

of diffracted X-rays enabling their detection. 

Crystallisation requires bringing the protein of interest to a supersaturated state 

whereby it can either crystallise or precipitate. Introducing the sample to a 

precipitating reagent, such as a salt or polymer (e.g. polyethylene glycol), can 

promote the nucleation of protein crystals in solution. Vapour diffusion is a widely 

used method for protein crystallisation whereby a drop containing a mixture of 

precipitant (mother liquor) and protein solution is sealed in a chamber containing 

pure precipitant. Water vapour then diffuses out of the drop until the osmolarity of 

the drop and precipitant reaches equilibrium. The resultant dehydration of the drop 

causes a slow increase in the concentration of both the protein and precipitant 

solution. If the appropriate precipitant condition (mother liquor) has been used for 
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a given protein then crystals will grow in the drop. This can be performed in either 

a ‘sitting drop’ or ‘hanging drop’ manner, depicted in figure 34. A schematic 

representation of crystal nuclei formation and growth is shown by the two-

dimensional solubility diagram in figure 34.  The time required for crystal formation 

varies for different proteins and this can take anywhere from hours to months.  

 

 

Figure 34 Techniques and principles behind crystal growth:  

A) Sitting drop and hanging drop techniques used for crystal growth. Black arrows 
represent vapour diffusion. B) Crystal growth phase diagram. Taken from (Kupitz et al., 
2014). 

 

3.1.4.1.1 Streak seeding for crystal growth  

Streak seeding is a technique where small nuclei or micro-crystals are transferred 

to a mother liquor solution that is optimized for crystal growth, to induce the 

formation of larger singular protein crystals. Nucleation requires a higher 

concentration of precipitant than crystal growth therefore providing nuclei can aid 

crystal growth. Streak seeding is performed following the mechanical breakage of 

small protein crystals (often using a cat whisker or horse hair), and then diluting 

the micro-crystals through a mother liquor droplet containing fresh purified protein. 

This action increases the likelihood that crystals will grow in the metastable zone 
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(Bergfors, 2003) (Fig. 34). This technique was used throughout our 

experimentation to improve crystal yield and growth. 

3.1.4.1.2 Co-crystallisation and crystal soaking 

Co-crystallisation is a technique whereby a specific binding partner is introduced 

during or following purification and the protein crystallises bound to its partner 

molecule. Co-crystallisation is used widely in the drug discovery process to aid in 

the understanding of how drug candidates bind to and affect their protein target. 

Much effort has been made to fully automate this process in order to enhance the 

drug discovery process (Stewart, Clark and Behnke, 2002). Crystal soaking is 

another method of protein structure determination in the presence of a bound 

ligand. Grown protein crystals are soaked at the harvesting stage in mother liquor 

containing an excess of ligand. Crystal soaking for 10 - 30 minutes is often 

sufficient to populate the crystal if the binding site is accessible in the crystal lattice 

(Schlichting, 2005). Both methods were utilised in our DENV-2 RdRp and SLA 

RNA co-crystallisation studies.  

A co-crystal is defined as a crystal that is built up of two or more organic 

compounds (Technobis Crystallisation systems, 2018). Co-crystallisation X-ray 

crystallography studies are commonly used in the process of drug design, 

identifying the binding site and interactions of the compound of interest with the 

target protein. Due to the fact that protein-RNA interactions play an important role 

in a variety of fundamental biological activities protein-RNA co-crystallisation is an 

excellent way to study such interactions. For example, to gain insight into the 

mechanism of HCV RNA replication and its inhibition by nucleotide analogue 

inhibitors, atomic resolution ternary co-crystal structures of NS5B in both primed 

initiation and elongation states were determined, defining the structural 

requirements for HCV genomic replication (Appleby et al., 2015). However, co-

crystallisation studies are often difficult and require significant optimisation of the 

crystallisation conditions. Proteins that crystallised and diffracted in the absence of 

a ligand may cease to do so in the presence of a ligand for any number of reasons, 

for example as a result of crystal packing rendering the binding site inaccessible. 

Nevertheless, protein-RNA co-crystallography remains a powerful structural tool.    
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3.1.4.2 Crystal harvesting 

Prior to data collection, protein crystals are often harvested from their mother liquor 

solution into a cryoprotectant solution using a suitably sized cryo-loop. A suitable 

cryoprotectant solution for the crystal requires optimisation in order to minimise 

any damage to the crystal in order to obtain the best crystal diffraction. 

Cryoprotectant solutions prevent the formation of ice crystals within the crystal 

lattice that culminate in poor X-ray diffraction.  Cryoprotectants often consist of the 

mother liquor solution with an additive such as glycerol, polyethylene glycol or 

sucrose.  Additionally, crystals can be harvested using oil as a cryoprotectant, such 

as Paratone N, displacing the surrounding water. In the presence of Paratone N, 

the protein crystal and its thin layer of surrounding mother liquor will form an 

amorphous glass in which the crystal lattice suffers minimal damage. Crystals are 

frozen in cryoprotectant solution as data collection occurs in a gaseous nitrogen 

stream at 100 K and for long term storage.  

3.1.4.3 Crystal diffraction, data collection and structural solution 

A harvested, flash-frozen protein crystal is placed in the path of a beam of 

monochromatic (single wavelength) X-rays to collect X-ray diffraction data. 

Crystallographic data necessitates the use of X-rays because the wavelength of 

X-rays is in the same order of magnitude as the interatomic distances that are 

resolved during an X-ray crystallography experiment (1 Å = 0.1 nm). Upon placing 

a crystal in the path of an X-ray beam, most of the radiation passes through. 

Occasionally a photon from the X-ray beam interacts with the electrons around the 

atoms and is scattered from the crystal. The resultant scattered X-ray waves reflect 

from the crystal with different phases and scattering angles. Constructive 

interference, where the waves are in phase, may occur which results in waves of 

higher amplitudes or destructive interference, where the waves are out of phase, 

which results in waves of lower amplitudes, or in certain cases no signal (Fig. 35).  
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Figure 35 Constructive and destructive interference: 

A schematic of constructive and destructive interference. Adapted from (TutorCircle, 
2018). 

 

When these waves are scattered from the protein crystal and hit a detector a 

pattern and position of intensities is recorded termed reflections. The diffraction 

pattern is a product of these reflections and constitutes the raw data of an X-ray 

diffraction experiment. 

Bragg’s law was invented by Sir William Henry Bragg and his son at the University 

of Leeds winning a Nobel prize in 1915 - founding crystal structure analysis using 

X-ray diffraction. Bragg’s law explains the relationship between an incident X-ray 

onto and its scattering from the crystal surface. The law states that when the X-ray 

is incident onto a crystal surface, its angle of incidence, 𝜃, reflects back at the same 

angle of scattering, 𝜃. When the path difference, 𝒹, is equal to a whole number, 𝑛, 

of wavelength a constructive interference will occur. Bragg’s Law is defined as 

𝑛𝜆 = 2𝒹𝑠𝑖𝑛𝜃 and is schematically represented in figure 36. If Bragg’s law is 

satisfied, constructive interference will occur and the crystal will appear to have 

reflected the X-ray radiation. If the law is not satisfied, destructive interference will 

occur and data cannot be collected.  
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Figure 36 Bragg’s law: 

A crystal is made up of parallel planes of atoms with interplanar spacing d. When a 
parallel beam of X-rays of wavelength λ is directed on these planes at an angle of θ 
constructive or destructive interference will occur. Two such X-rays, labelled as 1 and 
2, are scattered by the atoms P and Q. The scattered waves 1’ and 2’ will 
constructively interfere if they are in phase. Bragg’s law is met and a reflection is 
generated contributing to the diffraction pattern. Adapted from (Callister and 
Rethwisch, 2011). 

 

The resultant constructive wave that generates a reflection, which can be 

visualised on the detector, has contributions from each diffracting electron in every 

unit cell throughout the crystal (Fig. 37).  

 

Figure 37 A schematic representation of the crystal lattice and relationship with the 
unit cell and asymmetric unit: 

The asymmetric unit is defined as the smallest section of a crystal structure in which 
symmetry operations can be utilised to generate an entire unit cell. The unit cell is the 
crystal repeating unit and, when translated in three dimensions, makes up the entire 
crystal. Taken from (PDB, 2018). 
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Bragg’s planes (defined as a plane in reciprocal space which bisects a reciprocal 

lattice vector) intersect each unit cell in the same manner therefore each unit cell 

contributes equivalent constructive interference to the resultant wave and thus 

amplifies the signal that is then detected. The way Bragg’s planes intersect each 

unit cell are termed Miller indices (hkl) and these are assigned to each plane that 

contributes to the diffraction pattern. Each reflection in the diffraction pattern can 

be assigned corresponding Miller indices during indexing of the diffraction data. 

Corresponding waves across the whole crystal that culminate in a single reflection 

can be added together in the structure factor equation which results in the structure 

factor Fhkl being assigned per reflection. The structure factor amplitude |Fhkl| is 

therefore proportional to the square root of the reflection intensity (Fig. 38).  

 

Figure 38 The structure factor equation:  

hkl = indices of the considered diffraction plane, uvw = co-ordinates of the atoms in the 
lattice, N = number of atoms, fn = scattering factor of a particular atom. 

  

Each diffraction pattern provides information about the crystal from a single 

direction, consequently the crystal must be rotated in the beam to generate as 

much information as possible and collect a complete dataset. As the crystal is 

rotated a different set of resultant waves will be detected at each angle thus a 

different set of planes will satisfy Bragg’s law at each angle. 

Many scattering electrons do not lie on Bragg’s planes in the unit cell but between 

the planes at fractional values of 𝒹. The X- ray waves scattered by these electrons 

are out of phase and therefore the resultant waves will culminate in a degree of 

destructive interference with the X-ray waves that obey Bragg’s law, resulting in a 

decrease in the intensity of recorded reflection spots. Consequently, evidence as 

to the arrangement of atoms in the unit cell relative to Bragg’s planes is therefore 

provided by the relative intensities of the reflection spots. Equally, the arrangement 

of the asymmetric units (AU) (the smallest repeating unit of the crystal lattice), and 
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how they are related to each other, for example the space group, is provided in the 

symmetry of the reflections in the diffraction patterns.  

The diffraction pattern displays the intensity of reflections and their symmetry 

therefore providing much of the information required to generate an electron 

density map and determine the structure of the protein following data integration, 

scaling and reduction. However, importantly the phase information is lost from the 

resultant waves that generate the reflection spots observed in the diffraction 

pattern. To produce an electron density map from the structure factors, a Fourier 

transform is required. 

Fourier transform is a way of describing a wave as a sum of all its component 

waves and a necessary data transformation to know the relative phase of these 

waves to ensure the correct addition. The lack of phase information due to the way 

the data is recorded is termed the ‘phase problem’ and must be solved in all 

crystallography experiments. One such way of solving the phase problem is the 

utilisation of molecular replacement.  

3.1.4.3.1 Molecular replacement  

Molecular replacement (MR) involves the movement of a model molecule into the 

most overlapping position and orientation in the unit cell as the unknown molecule. 

If the model is satisfactorily similar to the unknown molecule, the phases from the 

model can be used along with the experimental structure factor amplitudes in the 

determination of the crystal structure of the unknown molecule. A Fourier transform 

can then be applied which generates an electron density map from the unknown 

experimental data. The determination of the correct orientation and position of the 

phasing model compared to the unknown structure in the AU is a fundamental 

requirement because the phases of the atomic structure factors, and thus the 

molecular structure factors, depend on the location of the atoms in the unit cell. If 

the phasing model is reasonably accurate the generated electron density map will 

display features absent in the original model that can subsequently be built into the 

crystal structure of the molecule to be determined as the model is solved through 

a series of refinement and fitting stages. 
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MR can only be used to solve the phase problem if there is a good structural model 

available for a large portion of the unknown structure in the crystal. Sequence 

identity and structural similarities correlate well and therefore if the proteins share 

> 30% sequence identity the model is probably suitable for MR of the unknown 

molecule. Solving the phase problem by MR becomes more and more difficult as 

the sequence identity decreases and other techniques are required to solve the 

phase problem such as heavy metal soaking using multiple isomorphous 

replacement.  

Other techniques for macromolecular structural analysis, such as Nuclear 

Magnetic Resonance (NMR) and Cryogenic Electron Microscopy (Cryo-EM) have 

their advantages and disadvantages (RCSB PDB, 2018).  Both techniques are 

suitable for the analysis of protein and protein complex dynamics (Kovermann, 

Rogne and Wolf-Watz, 2016; Murata and Wolf, 2018). Additionally, NMR 

spectroscopy can record signal for disordered and flexible protein regions and the 

atomic structure of macromolecules in solution but is an extremely costly 

experimental technique achieving resolutions of up to ~5 Å. Cryo-EM does not 

require a large protein concentration or crystallisation, and protein structures can 

be flash-frozen in a multitude of conformations allowing biological mechanisms to 

be deduced, achieving resolutions of up to ~ 2.5 Å. However, Cryo-EM demands 

protein samples of high molecular weight and costly, high maintenance equipment.  

Additionally, techniques are being developed to overcome some of the common 

limitations of X-ray crystallography such as in plate data collection, eliminating the 

process of crystal harvesting, and X-ray free-electron lasers (X-FEL). X-FEL 

produce flashes of X-ray light with angstrom-level wavelengths and a billion times 

brighter than those produced before. Importantly, the flashes of light are 

fentoseconds short with the ability to record functions and forms of proteins such 

as protein folding and the splitting of a chemical bond (Marx, 2017). However, 

techniques such as X-FEL are not currently in widespread use.  

This chapter therefore describes the expression, purification and activity of DENV-

2 RdRp, for use in in vitro SHAPE analysis and X-ray crystallography, before 

presenting the crystal structure of DENV-2 RdRp at 2.2 Å resolution prior to 

considering our DENV-2 RdRp-SLA RNA co-crystallisation efforts. 
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3.2 Results 

3.2.1 DENV-2 RdRp expression, purification and activity 

3.2.1.1 Generation of the pET-28a expression plasmid 

A parental pET-28a expression vector was Bam HI and Xho I digested and ligated 

with the DENV-2 RdRp or full-length DENV-NS5 insert, in order to generate a his-

SUMO-DENV-2 RdRp or his-SUMO-FL-DENV-NS5 fusion protein for use in 

downstream purification procedures. E.coli DH5α cells were subsequently 

transformed with the pET28a his-SUMO-DENV-2 RdRp plasmid and grown on 

selective media in order to isolate successfully transformed colonies. Plasmid DNA 

was extracted, purified and the construct confirmed as correct via sequencing.  

3.2.1.2 Identification of an effective bacterial expression vector 

In order to identify the most appropriate strain of E.coli BL21 for the expression of 

full-length DENV-2 NS5 and DENV-2 RdRp, the expression properties of a panel 

of different E.coli BL21 strains were screened on a small scale level. BL21 bacterial 

strains were transformed with each expression plasmid and single colonies 

cultured. Test cultures were grown in 10 ml volumes until an O.D of 0.6 was 

reached and primed cultures subsequently induced with 1 M IPTG. Following 

induction and growth, the bacterial cells were pelleted, lysed and soluble and 

insoluble fractions separated and analysed for expression using SDS-PAGE gel 

electrophoresis and Coomassie stain.  

The test expression of full-length DENV-NS5 and DENV-RdRp in BL21 Codon 

Plus cells is depicted in comparison to BL21 Rosetta 2 and BL21 gold expression 

cells respectively in figure 39. The overall expression level and solubility of both 

constructs was found to be higher in BL21 Codon Plus cells and was thus chosen 

as the expression strain for further expression purification procedures (Fig. 39).  
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Figure 39 E.coli expression strain testing:  

Coomassise stain of SDS-PAGE gels showing the expression profile of his-SUMO-FL-
DENV-NS5 (left) and his-SUMO-DENV-2 RdRp (right) in BL21 Codon Plus, Rosetta 2 and 
Gold expression strains. IS = IPTG induced soluble, I IS = IPTG induced insoluble, UI S = 
un- IPTG induced soluble. His-SUMO-FL-DENV-NS5 = ~100 kDa and his-SUMO-DENV-
2 RdRp = ~90 kDa. Size compared to Colour protein standard, broad range (right) or Blue 
protein standard, broad range (left) (NEB). 

 

3.2.1.3 Optimisation of IPTG induction for protein expression  

It is often the case that the solubility and yield of E.coli expressed proteins can be 

improved via optimisation of both the concentration and temperature at which IPTG 

induction is carried out. IPTG induction at high concentration, at a high temperature 

(37 °C) results in the fast production of expressed protein, ideal for extremely 

stable, soluble proteins. However, IPTG induction at low concentrations, at low 

temperature, over a long time-scale, often results in the slow production of better 

folded expressed protein of increased solubility. We therefore sought to optimise 

IPTG induction conditions in the aim of improving protein yield prior to large scale 

protein expression.  

A small-scale culture was grown until an OD of 0.6 was reached, divided and IPTG 

induced at varying concentrations and temperatures. Following induction and 

growth, the bacterial cells were pelleted and protein expression levels analysed via 

SDS-PAGE gel electrophoresis and western blot. The best IPTG induction 

condition, producing the highest yield of soluble protein, was identified as 0.2 mM 

at 15 °C for 16 hours and was thus the condition used for large scale bacterial 

expression.  
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Figure 40 describes the optimisation of IPTG induction conditions for expression 

of full-length DENV-2 NS5. The same condition was suitably high-yielding for 

DENV-2 RdRp expression.  

 

Figure 40 Optimisation of IPTG induction conditions for protein expression:  

The optimisation of IPTG induction conditions for the expression of full-length DENV-2 
NS5. Size comparison ladder = Colour protein standard, broad range (NEB). The red line 
indicates the most optimal IPTG induction condition. UI = un-induced control. 

 

3.2.1.4 Nickel affinity purification of DENV-2 RdRp 

Nickel (Ni) affinity chromatography was utilized as the first purification step of 

DENV-2 RdRp. The purification procedure was optimised to produce a greater final 

yield of DENV-2 RdRp for both X-ray crystallography and SHAPE mapping 

procedures. For example, a 2 M NaCl wash was included to remove any 

contaminating RNA from the protein preparation. Additionally, the purified protein 

was eluted in a final volume of 5 ml, preventing a yield costly additional 

concentration step, usually required prior to SEC, due to the utilisation of a 5 ml 

injection loop prior to loading on to the GE Life Science Superdex S200 26/60 

column.  

Figure 41 describes the purification of his-SUMO-DENV-2 RdRp using Ni affinity 

chromatography. Eluted fractions were analysed by SDS-PAGE gel 

electrophoresis followed by Coomassie stain.   
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Figure 41 Nickel affinity purification of his-SUMO-DENV-2 RdRp: 

The purification of his-SUMO-DENV-2 RdRp by Ni affinity chromatography. Fractions 
analysed by SDS-PAGE gel electrophoresis and Coomassie stain. Binding wash 1 
contained 20 mM Imidazole, Binding Wash 2 contained 50 mM Imidazole, Elution 1 
contained 120 mM Imidazole, Elution 2 contained 300 mM Imidazole and Elution 3 
contained 500 mM Imidazole. Size compared to Colour protein standard, broad range 
(NEB). 

 

3.2.1.5 SUMO protease cleavage of his-SUMO tag removal 

Following Ni affinity purification, the his-SUMO tag was cleaved during dialysis. 

The reasons for tag removal during dialysis were two-fold. Firstly, tag removal 

prevented its subsequent crystallisation during X-ray crystallography procedures. 

Secondly, tag removal was carried out for 16 hours at 4°C during dialysis of the 

protein preparation to ensure efficient removal of the tag but also to remove high-

levels of imidazole from the purified protein preparation. A high level of imidazole 

is known to inhibit ionic interactions and affect protein concentration determination 

procedures. Therefore, the his-SUMO tag was removed during dialysis of the 

purified protein preparation prior to SEC.  

3.2.1.6 Purification of DENV-2 RdRp via size exclusion chromatography 

Following Ni affinity purification, SEC was utilised to purify SUMO protease 

cleaved DENV-2 RdRp away from contaminant proteins, including the SUMO 

protease itself and the poly-histidine tag. Cleaved DENV-2 RdRp was loaded into 

a 5 ml injection loop prior to loading onto a GE Life Science Superdex 26/60 S200 
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column. The gel filtration system was run to completion at a flow rate of 0.3 ml/min 

with 3 ml fractions collected. A UV 280 nm chromatogram was used to identify 

fractions containing protein. Peak fractions were collected and analysed by SDS-

PAGE gel electrophoresis and Coomassie stain to determine protein purity (Fig. 

42).  

 

  

 

Figure 42 The use of size exclusion chromatography in the purification of DENV-2 
RdRp: 

A) UV 280 nm chromatogram trace. Peak 1 corresponds to monomeric DENV-2 RdRp 
using a S200 AKTA SEC column. B) Fractions corresponding to Peak 1 analysed by SDS-
PAGE gel electrophoresis and Coomassie stain. Size compared to Colour protein 
standard, broad range (NEB). 



108 

 

3.2.1.7 Identification of DENV-2 RdRp by western blot 

Following Ni affinity chromatography, SEC and subsequent concentration, purified 

DENV-2 RdRp was identified using western blot, as seen in figure 43.  

 

Figure 43 The identification of purified DENV-2 RdRp by western blot: 

Identification by western blot of purified DENV-2 RdRp using a DENV-2 NS5 antibody. 
DENV-2 RdRp is ~ 73 kDa. Size compared to Colour protein standard, broad range (NEB) 
ladder.  

 

3.2.1.8 Analysis of the purity of DENV-2 RdRp 

X-ray crystallographic studies demand protein of a high concentration and of ~ 

95% purity. We therefore determined the purity of purified DENV-2 RdRp, prior to 

X-ray crystallographic studies, via SDS-PAGE gel electrophoresis and Coomassie 

stain. Densitometric analysis was performed using ImageJ which determined a 

preparation purity of ~95% (Fig. 44). 

 

 

Figure 44 Analysis of the purity of DENV-2 RdRp: 

The purity purified DENV-2 RdRp was determined via SDS- PAGE gel electrophoresis, 
Coomassie stain and densitometric analysis using ImageJ. DENV-2 RdRp is ~73 kDa and 
size compared to a Colour protein standard, broad range (NEB) ladder.  
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3.2.1.9 Circular Dichroism of DENV-2 RdRp 

Circular dichroism (CD) was performed to confirm the secondary structure of 

DENV-2 RdRp. The differential absorbance for different protein structures allows 

for both the type and extent of secondary structure formation of a protein to be 

determined. Analysis of the CD spectrum for monomeric DENV-2 RdRp displayed 

characteristic troughs at 222 nm and 208 nm, confirming that the purified DENV-2 

RdRp was folded correctly and was predominantly α-helical, the primary 

conformation displayed by other DENV RdRp serotype structures (Fig. 45). 

 

Figure 45 Circular Dichroism spectrum of monomeric DENV-2 RdRp: 

A) Characteristic CD spectra. Taken from (Da Yu Protein Sciences, 2018).  B) CD 
spectrum of monomeric DENV-2 RdRp protein at 0.2 mg/ml, troughs at 222 and 208 nm 
indicate a predominately α-helical conformation.  

 

3.2.1.10 Determination of DENV-2 RdRp polymerase activity 

To ensure active protein was used for both in vitro SHAPE and crystallographic 

experimentation, the de novo RNA synthesis capability of DENV-2 RdRp was 

confirmed, in comparison to the activity of HCV NS5B and NS5B GND. GND refers 

to an active site mutant of the HCV NS5B rendering the polymerase unable to 

replicate. RNA was filter purified and α-32P-ATP incorporation into the nascent 

RNA chain quantified using scintillation counting. In comparison to the negative 

control, DENV-2 RdRp was confirmed as active (Fig. 46). 
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Figure 46 DENV-2 RdRp Polymerase activity assay: 

De novo RNA synthesis capability of DENV-2 RdRp, in comparison to HCV NS5B and 
NS5B GND (a HCV NS5B mutant unable to replicate). Activity determined following filter 
RNA purification and α32P-ATP incorporation quantified using scintillation counting.   

 

 

3.2.1.11 Analysis of the RNA binding capability of DENV-2 RdRp by 

Fluorescence Anisotropy 

The technique of Fluorescence Anisotropy (FA) was utilised to confirm the RNA-

binding capability of DENV-2 RdRp and to select suitable, binding, co-

crystallisation partners for X-ray crystallographic studies. A panel of short 3ˊFI 

tagged DENV-2 SLA RNAs, corresponding to different lengths of the confirmed 

DENV RdRp binding site on SLA, were selected for testing. All three of the 

oligonucleotides bound RdRp with the 20 mer and 10 mer displaying the lowest 

EC50s of 0.08 and 0.15 µM respectively. All three RNAs were subsequently used 

for RdRp-SLA co-crystallisation experimental procedures. EC50 was calculated 

from the concentration of protein required for 50% RNA to be bound (Fig. 47). 
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Figure 47 The RNA binding capability of DENV-2 RdRp analysed by FA:  

Binding isotherms and EC50s for the panel of 3ˊFI tagged DENV-2 SLA RNAs.  All graphs 

were plotted using OriginPro 9.1 (Origin Lab) according to: 𝑦 =  
𝐴1−𝐴2

1+( 
𝑥

𝑥0)𝑝
+ 𝐴2; y is the 

fraction of RNA bound, 𝑥 is the protein concentration, A1 is the initial value of y, A2 is the 

final value of y, 𝑥00 is the dissociation constant (Kd) and p is the Hill coefficient. 
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3.2.1.12 Analysis of DENV-2 RdRp-RNA interactions by native 

Electromobility shift assay  

To further confirm the RNA binding capability of DENV-2 RdRp and analyse the 

specificity of DENV-2 RdRp binding to DENV-2 RNA templates with or without the 

5ˊ promoter SLA, we utilised native Electromobility shift assays (EMSAs). The RNA 

binding capability and specificity of DENV-2 RdRp for radioactively labelled (hot) 

SLA RNA template at mammalian temperature was tested by competition against 

a panel of non-radioactively labelled (cold) DENV-2 RNAs, all of the same length 

(~160 nts). Two cold RNAs corresponded to the first 160 nts of the DENV RNA 

genome with SLA (+SLA) and without SLA (ΔSLA) and the third RNA 

corresponded to the first 160 nts of the C terminus of DENV genomic RNA (3ˊ 

UTR). Using EMSAs, we further confirmed that DENV-2 RdRp was able to bind to 

the + SLA transcript with the greatest affinity therefore indicating specific binding 

to SLA, greater than that of the 3ˊ UTR, and also that DENV-2 RdRp was able to 

bind to +SLA RNA at insect physiological temperature (Fig.  48). 
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Figure 48 Analysis of DENV-2 RdRp-RNA binding by native Electromobility Shift 
assay: 

Autoradiographs and analysis of DENV-2 RdRp binding and specificity to SLA by native 
Electromobility shift assay (EMSA) at mammalian (A) and insect (B) physiological 
temperatures. DENV-2 RdRp binds most specifically to the +SLA RNA transcript 
containing the 5ˊ promoter SLA.  Comp = competition. X = fold molarity over radioactively 
labelled +SLA transcript.  
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3.2.2 X-ray crystallographic study of unbound DENV-2 RdRp  

Prior to attempting to determine the SLA RNA-DENV-2 RdRp crystal structure we 

sought to determine the crystal structure of SLA unbound DENV-2 RdRp. 

3.2.2.1 Crystal growth  

Purified, active DENV-2 RdRp was produced (described in section 3.2.1) and 

screened for initial crystallisation conditions using the commercially available Joint 

Centre for Structural Genomics Core (JCSG) suite screens (I-IV). The JCSG core 

suite screens were designed to test the most successful and reproducible 

conditions from the JCSG. The use of these screens samples a wide-range of 

precipitants, salts, buffers, pH, polymers and organic molecules in a high-

throughput 96 well format, allowing for the testing of 384 different conditions. These 

screens were also compatible with an automated robot system which was utilised 

throughout experimentation to efficiently and reproducibly set up sitting-drops with 

various protein:mother liquor ratios across all conditions. 

Several conditions resulted in initial ‘hits’ that appeared anywhere between 12 

hours to 1 week and ranged in size and number within a drop. The most promising 

condition (based on visual appearance) contained 1 M Na3 Cit and 0.1 M CHES 

pH 9.5, produced the largest crystals with few splits and sharp edges and was 

therefore selected for further experimental optimisation (Fig.  49).  
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Figure 49 Crystals grown in mother liquor droplets during JCSG sparse matrix 
screening:  

Crystals monitored for growth using the Rockmaker imager® under default and UV 
settings confirming the crystallisation of DENV-2 RdRp protein. 

 

Crystal growth optimisation was performed in 3 drop 96 well format and was 

conducted using the sitting drop crystallisation technique. The molarity of Na3 Cit 

was varied alongside the pH of CHES and additionally the temperature at which 

the crystals grew (4°C and room-temperature). Different droplet sizes and also 

different protein:mother liquor ratios were utilised. Sitting droplets of 0.4 μl volume, 

50:50 protein: mother liquor ratio generally yielded diffracting crystals, suitable for 

X-ray crystallography experiments. Due to the success of the initial optimisation 

screens further optimisation using additive screens was not utilised in this case. 

3.2.2.1.1 Streak seeding  

To increase the number of crystals obtained for data collection and soaking 

procedures streak seeding was utilised. Streak seeding is a method used to 

introduce pre-formed crystal nuclei into a fresh protein:mother liquor drop to control 

nucleation, encouraging better crystal formation within the drop (described further 

in section 3.1.4.1.1). This technique was successfully utilised to produce a greater 

number of crystals for data collection (Fig.  50).  
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Figure 50 DENV-2 RdRp streak seeding:  

Streak seeding is a method used to introduce pre-formed crystal nuclei into a fresh 
protein:mother liquor hanging drop to control nucleation. A sub-optimal crystal is first 
mechanically sheared or stroked using a small fibre (Cat hair) and the hair is then streaked 
through the fresh protein:mother liquor drop. This process induces nucleation along the 
streak line, which is subsequently diluted across the drop. Crystal growth was monitored 
periodically using light microscopy.  
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3.2.2.2 Crystal harvesting  

Once single crystals were obtained (>20 μm with minimal splits of cracks) they 

were picked by manipulating them out of their protein:mother liquor drops using 

small loops utilizing paratone N oil as the cryoprotectant (Fig.  51).  

 

 

 

Figure 51 Loop containing a rod-shaped DENV-2 RdRp crystal at the synchrotron: 

The crystal was picked in Paratone N oil and cryocooled in liquid nitrogen and maintained 
at 100 K.  

 

3.2.2.3 Data collection  

An example of a diffraction pattern collected from an unbound DENV-2 RdRp 

crystal is shown in figure 52. The diffraction pattern is the raw data of an X-ray 

crystallography experiment. 
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Figure 52 Diffraction pattern of RNA unbound DENV-2 RdRp: 

Diffraction pattern of RNA unbound DENV-2 RdRp. The orderliness of the reflection spots 
together with their intensities provides the information needed to determine the X-ray 
structure of DENV-2 RdRp. However, the phase information cannot be obtained 
experimentally from the diffraction pattern. 
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3.2.2.3.1 Data processing  

Data processing (integration, scaling, merging) and subsequent structure 

determination by molecular replacement was carried out by Dr. Chi Trinh and the 

statistics of the refined unbound DENV-2 RdRp model are shown in table 3.  

Table 3 Data processing and scaling statistics of DENV-2 RdRp: 

 

Dataset DENV-2 RdRP 

Source Diamond Light Source 

Beamline I03 

Wavelength (Å) 0.976 

Resolution range (Å) 90.38 – 2.20 (2.27 – 2.20) 

Space Group I 2 2 2 

Unit–Cell parameters (Å) 
A = 208.78, b = 57.77, c = 65.94, α = β = 

γ = 90.00 

Completeness (%) 99.6 (99.9) 

Total reflections 228607 

Unique reflections 33757 

Redundancy 6.4 (6.8) 

I/σ(I) 17.2 (2.9) 

Rmerge (%) 4.9 (64.0) 

Rpim (%) 3.2 (39.8) 

CC1/2 0.99 (0.88) 

Refinement Statistics 

Resolution range (Å) 71.91 – 2.2 

R factor (%) 22 

Rfree (%) † 27 

No. of protein non-H atoms 4577 

No. of water molecules 13 

No. of Zn ions 2 

R.m.s.d bond lengths (Å) 0.010 

R.m.s.d bond angles (°) 1.267 

Molprobidity sore  1.56 (98th percentile) 

Ramachandran plot ((%statistics (%) 

Favoured region (%) 95.19 

Outliers (%) 0.37 
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3.2.2.4 The crystal structure of DENV-2 RdRp 

The crystal structure of DENV-2 RdRp unbound to SLA promoter RNA was 

determined at 2.2 Å resolution, to our knowledge the first unbound crystal structure 

of the DENV-2 RdRp domain.  

DENV-2 RdRp adopts a canonical right-handed polymerase fold, similar to that of 

DENV-3 RdRp, comprised of fingers, palm and thumb subdomains (Figs. 53 and 

54). Since the polymerase is unbound to SLA RNA it is in the ‘closed conformation’ 

whereby the priming loop in the thumb subdomain is extended towards the active 

site of the polymerase occluding access to the template-binding channel.   As seen 

in figure 53, the structure of the priming loop is incomplete. Due to the flexibility of 

the priming loop the electron density map for this region was too poor of quality to 

enable the modelling of the protein structure in this region.  

 

 

 

Figure 53 DENV-2 RdRp crystal structure at 2.2 Å resolution: 

The annotated crystal structure of DENV-2 RdRp at 2.2 Å resolution. The DENV-2 RdRp 
is of typical right handed viral polymerase structure and is in the closed conformation as 
indicated by the inward position of the priming loop.  
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Figure 54 DENV-2 RdRp superposed onto the crystal structure of DENV-3 RdRp: 

The determined crystal structure of DENV-2 RdRp superposed onto the crystal structure 
of the DENV-3 RdRp domain (PDB:  2J7U). The two proteins overlay in a similar manner.   
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3.2.3 Co-crystallisation of DENV-2 RdRp with SLA RNA 

It is predicted that following RdRp binding to SLA and completion of the rate limiting 

replication initiation steps, the RdRp is suggested to transition from a ‘closed 

conformation’ to an ‘open conformation’ to accommodate the growing dsRNA 

chain and replicate the viral genome. Structural interrogation of this protein-RNA 

interaction would, for the first time, reveal the site of RdRp interaction with SLA 

RNA and critically examine RdRp conformational change during the initiation of 

DENV genome replication – a significant anti-viral target. 

To achieve this goal, we sought to co-crystallise DENV-2 RdRp with SLA RNA. 

Despite significant effort utilising both co-crystallisation and soaking procedures of 

different lengths of SLA RNA we were unable to obtain a crystal structure of DENV-

2 RdRp bound to SLA RNA. Following co-crystallisation procedures, the produced 

crystals diffracted poorly or not at all, suggestive of crystal lattice disruption. 

Furthermore, upon crystallisation the DENV-2 RdRp active site could be packed, 

due to neighbouring molecules within the lattice, in such a way that renders the 

active site inaccessible to RNA and subsequently the RNA molecules tested were 

unable to bind.  
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3.3 Discussion 

3.3.1 Expression and purification of DENV-2 RdRp 

As described in this chapter, the expression and purification of DENV-2 RdRp was 

successfully and reproducibly achieved to sufficient purity and concentration for 

the downstream applications of in vitro SHAPE mapping and X-ray crystallography.  

3.3.2 The activity of DENV-2 RdRp  

We determined purified DENV-2 RdRp to be correctly folded and active via several 

means; CD, polymerase activity assay, FA and EMSA.  

We determined DENV-2 RdRp to be correctly folded using CD. As predicted, the 

folded secondary structure of purified DENV-2 was predominantly alpha helical in 

conformation.  An extension of this study would be to combine the purified protein 

with SLA RNA and analyse whether the protein differentially folds in the presence 

of SLA RNA.  

The purified DENV-2 RdRp was capable of de novo RNA synthesis as determined 

using a polymerase activity assay in comparison to both an active HCV NS5B 

polymerase and an inactive GND HCV NS5B polymerase.   

We determined the RNA binding capability of purified DENV-2 RdRp using both 

FA and EMSA. FA was utilised to analyse the RNA-binding capability of DENV-2 

RdRp to a range of SLA RNAs and to select optimal binding RNA partners for 

downstream co-crystallisation procedures. All three SLA oligonucleotides tested 

were able to bind RdRp. We found the oligonucleotides of the longest length (20 

mer) to have the most optimal EC50 of 0.08 µM followed by the 10 mer with an EC50 

of 0.15 µM. It is notable that DENV-2 RdRp binds to longer RNAs more effectively 

than shorter oligonucleotides. It may be that longer oligonucleotides fit better into 

the binding cleft of the protein, forming more protein-RNA interactions, resulting in 

better binding and a lower EC50. Since FA was conducted at room-temperature, 

an extension of this study would be to consider both mammalian and insect 

temperature and its effect on protein-SLA RNA binding. Further experimentation 

should consider the requirement of SLA RNA and the effect of random 

oligonucleotides on the specificity of protein-RNA binding.  
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EMSAs were used to examine the binding requirements of DENV-2 RdRp to 

DENV-2 RNA, with and without SLA and to the 3ˊUTR, taking into consideration 

the mammalian and insect physiological environment. In line with published EMSA 

experiments, we determined through competition analysis, that DENV-2 RdRp 

binds with greater specificity to the DENV-2 RNA template containing SLA over 

the DENV-2 RNA template without SLA and the 3ˊUTR at mammalian temperature 

(Iglesias, Filomatori and Gamarnik, 2011). This analysis further confirms the 

requirement of SLA for efficient RdRp binding as a competition molarity of >20-fold 

was required to outcompete the bound SLA RNA with unlabelled RNA template 

containing the SLA promoter. Since the DENV-2 RdRp is an RNA binding protein, 

it does bind both the DENV-2 RNA template without SLA and the 3ˊUTR but to a 

significantly lesser extent. This was evidenced as it was harder to out compete the 

DENV-2 RNA template containing SLA RNA, requiring unlabelled competition 

template molarities of > 40-fold over the bound SLA containing template. We 

further extended our studies to examine the binding of DENV-2 RdRp to 

radiolabelled DENV-2 RNA containing SLA for the first time considering insect 

physiological temperature (28 °C). We have determined that DENV-2 RdRp does 

bind a DENV-2 RNA template containing SLA at insect physiological temperature. 

Our protein-RNA EMSA analysis could be extended to analyse the binding of 

mutant DENV-2 RdRp on DENV-2 RNA templates containing SLA promoter RNA 

interrogating the requirements of the protein to bind SLA template RNA.  

Therefore, we determined the purified DENV-2 RdRp as correctly folded and active 

via several methods and consequently viable for in vitro SHAPE mapping and X-

ray crystallographic procedures.  

3.3.3 The crystal structure of DENV-2 RdRp at 2.2 Å resolution and co-

crystallisation studies  

To date and to our knowledge, we present the first crystal structure of the unbound 

DENV-2 RdRp domain, solved by molecular replacement, at a resolution of 2.2 Å.  

The structure of the RNA unbound NS5 polymerase domains of several 

Flaviviruses , such as DENV, JEV and WNV, have previously been determined 

(Malet et al., 2007; Yap et al., 2007; Lu and Gong, 2013). Like other Flaviviral 

RdRps, the DENV-2 RdRp adopts a canonical right-hand structure comprised of 
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fingers, thumb and palm sub-domains. The active site is completely encircled and 

found at the centre of the molecule at the end of the RNA template and NTP entry 

tunnels. Additionally, the priming loop extends from the thumb subdomain towards 

the active site. The priming loop has been shown to be essential for de novo RNA 

synthesis in a primer-independent manner. As evidenced by the position of the 

priming loop, the DENV-2 RdRp is in the ‘closed conformation’ prior to RNA 

template elongation. 

Despite our efforts, we were not able to obtain a crystal structure of the DENV-2 

RdRp bound to SLA template RNA. We attempted both co-crystallisation and 

soaking X-ray crystallographic studies to no avail. Upon data collection, sufficient 

diffraction was not achieved or even at all, suggestive of crystal lattice interference. 

The way DENV-2 RdRp packs within the crystal lattice may make the active site 

inaccessible to the input RNA and may not be able to crystallise in this manner.  

Therefore, a structure of the DENV RdRp in the replicative elongation state 

remains to be elucidated.  

To our knowledge the HCV NS5B is the only Flaviviridae polymerase to have been 

structurally interrogated using X-ray crystallography in the elongation state 

(Appleby et al., 2015). Similarly, traditional soaking and co-crystallisation 

procedures failed to yield bound elongation state structures. Therefore, multiple 

stalled enzyme-ternary complexes were prepared in a step-wise manner. Firstly, 

HCV NS5B from the JFH1 genotype 2a isolate was used for cloning and 

manipulation procedures, with the benefit that the polymerase from this isolate was 

extraordinarily efficient at RNA synthesis. Secondly, a conformational stabilisation 

strategy was employed whereby NS5B resistance was conferred to a guanosine 

analogue inhibitor, following selective pressure and the subsequent cloning of a 

triple mutant, which displayed 1.5-fold the initiation activity of wild-type. Therefore, 

it was reasoned that this mutant polymerase might stabilise a specific 

conformational state along the initiation pathway. This was indeed the case and a 

crystal structure of the HCV NS5B was determined displaying a substantial 

structural rearrangement of the polymerase. During further co-crystallisation 

procedures nucleotide di-phosphates were used acting to stall the polymerase, 

allowing for structural determination in a catalytically relevant state. Additionally, it 
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was also found that increased Mn2+ in solution lowered the Michaelis constant (km) 

of the initiating nucleotide and increased the activity of NS5B 20-fold relative to 

Mg2+ in solution. Subsequently, the inclusion of Mn2+ during experimentation acted 

to stabilise the incoming nucleotide allowing for soaking crystallography 

experiments targeting distinct polymerase elongation assemblies.  

Moving forward, the strategies harnessed to determine the crystal structure of the 

HCV NS5B polymerase in the elongation state should be translated to the 

structural analysis of the elongation state of the DENV-2 RdRp. An isolate of DENV 

with increased replicative ability should be selected and an RdRp with an acquired 

resistance to a suitable nucleoside analogue should be expressed and purified. 

The activity of the resistant DENV RdRp should be considered in different solution 

conditions, for example the inclusion of Mn2+, to determine the most activity optimal 

solution condition prior to X-ray crystallographic study of the DENV-2 RdRp. Also, 

the co-crystallisation of the DENV-2 RdRp with nucleotide di-phosphates should 

be considered as an alternative to SLA RNA to be able to stall the DENV-2 RdRp 

in the ‘open conformation’ or the elongation state allowing for structural 

interrogation.  

In summary, we present the first crystal structure of the DENV-2 RdRp, solved by 

molecular replacement, to a resolution of 2.2 Å. The strategies employed to solve 

the structure of the HCV NS5B polymerase in the elongation state should be 

translated to DENV RdRp X-ray crystallographic study. However, the 

determination of the crystal structure of RNA unbound DENV-2 RdRp has 

increased our knowledge of a protein critical to DENV replication in an 

understudied serotype and broadened our horizons in the potential for structure-

based drug design, desperately required in the treatment of DENV.  
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Chapter 4 In vitro SHAPE mapping of DENV-2 genomic RNA  
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4.1 Introduction  

RNA structure is critical to the DENV life cycle, clearly evidenced by genomic 

cyclisation, and the range of fundamental cis-acting replication elements located 

throughout the DENV genome (Clyde and Harris, 2006; Clyde, Barrera and Harris, 

2008; Lodeiro and Filomatori, 2009; Villordo, Alvarez and Gamarnik, 2010; Wang 

et al., 2017). 

Previous work on DENV genomic RNA structure, has made use of various in silico 

methods, for example Mfold (Zuker, 2003), and in vitro biochemical probing 

techniques utilising truncated DENV transcripts of both the 5ˊ and 3ˊ UTRs or mini-

genomes to make RNA structural predictions in the absence of trans-activating 

factors (You and Padmanabhan, 1999; Sztuba-Solinska et al., 2013; Sztuba-

Solinska and Le Grice, 2014; de Borba et al., 2015; Villordo et al., 2015; Liu et al., 

2016). Published work has not focused on the full-length DENV genome or 

considered the influence of trans-activating factors on RNA structure. Recent RNA 

structural research has focused on RNA transcripts of DENV serotypes 1, 3 and 4 

(Sasmono et al., 2015; Liu et al., 2016). Consequently, this study focuses on the 

RNA structure of the 5ˊ extremity of DENV-2 genomic RNA in the context of the 

full-length genome in the absence and presence of trans-activating factors at 

physiological temperature. 

We chose to focus our structural analysis on the first 145 nts of the DENV-2 

genome, in the context of the full-length genome and a truncated 5ˊ 500 nt 

transcript, for multiple reasons. Firstly, and most crucially, using this nucleotide 

region one can determine the linear or cyclised genomic conformation of the RNA 

via the identification of specific structural motifs, as discussed in section 4.2.2. 

Secondly, a fundamental requirement of DENV replication is the binding of DENV 

RdRp to SLA, the first stem-loop structure within the 145 nt region chosen for 

structural analysis (further described in section 1.3.2). Thirdly, the 5ˊ 500 nt 

transcript was utilised as a negative control, unable to cyclise and to mimic 

published DENV SHAPE experiments. Therefore, following the binding of DENV 

RdRp or other trans-activating factors, to genomic RNA one can determine direct 

downstream structural modifications to cis-acting RNA structures within this 145 nt 
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region and whether or not trans-activating factors can induce the linear to circular, 

or vice versa, genomic conformational switch in vitro. 

RNA structure, i.e determining whether a nucleotide is base-paired or single-

stranded, has been investigated for many years by measuring how individual RNA 

nucleotides react with enzymatic or chemical probes. For example, digestion of 

radioactively end-labelled RNA with Ribonucleases (RNases) such as RNAase TI, 

which cleaves selectively at single-stranded nucleotide positions, followed by 

detection and analysis using denaturing polyacrylamide gels can be used to 

determine RNA structure (Nilsen, 2013). Conversely, the RNA of interest can be 

probed chemically. Ethylnitrosourea alkylates phosphate oxygens that are not 

involved in tertiary structure interactions. Following alkaline treatment, the 

phosphotriester hydrolyses resulting in RNA strand cleavage allowing for RNA 

structure determination analysis following radioactive end-labelling and gel 

electrophoresis (Ziehler and Engelke, 2001). However, these traditional RNA 

structure determination techniques have their limitations. For example, the use of 

denaturing polyacrylamide sequencing gels and radioactive source handling 

demands a high level of technical expertise. Extensive RNA degradation or strong 

secondary structure induced terminations may obscure cleavages or modifications 

at several nucleotides of interest.  Due to these limitations, SHAPE mapping was 

the experimental technique of choice for the analysis of DENV-2 genomic RNA 

structure.  

Mapping RNA structure with SHAPE chemistry is a versatile method for 

characterising RNA structure. SHAPE reagents, such as N-Methylisatoic 

anhydride (NMIA) or 2-methylnicotinic acid imidazolide (NAI), act to covalently 

modify RNA creating adducts at the 2ˊOH- group of the ribose backbone at 

nucleotides that are structurally flexible and therefore single-stranded (Fig.  55).  
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Figure 55 RNA modification by NMIA:  

NMIA reacts with the 2ˊ-hydroxyl group in flexible, unpaired nucleotides forming a stable 
2ˊ-O-adduct. Because the modifications correlate with RNA structure, the ends of the 
resulting pool of cDNAs map to the areas of single-stranded nucleotides within the RNA. 
Taken from (IDT, 2018) 

 

The positions of these modified nucleotides are detected using reverse 

transcription, which terminates 3ˊ of the modified nucleotide. This action results in 

a pool of cDNAs whose lengths reflect the position, and therefore nucleotide, of 

the SHAPE modification if analysed alongside a sequencing ladder. Quantification 

of the cDNA pools is used to estimate the ‘reactivity’ of each nucleotide in an RNA 

molecule to the reagent utilised. A nucleotide displaying reactivity over 0.2 has 

partial reactivity, and high reactivity (over 0.5) indicates that the nucleotide is 

structurally flexible and single-stranded. Conversely, a nucleotide displaying low 

reactivity (below 0.2) indicates that the nucleotide is inflexible and therefore base-

paired (Figs. 55 and 56).  

SHAPE mapping for RNA structure determination has many advantages over 

traditional enzymatic and chemical probing procedures, the most significant being 

that long RNA transcripts can be analysed and that every base within the RNA 

molecule is reacted with, and therefore the structure determined, within one single 

reaction which can be quantified. The development of high-throughput SHAPE 

(hSHAPE) resulted in a paradigm shift in SHAPE data analysis and experimental 

procedure whereby NMIA probed RNA was no longer reverse transcribed using 
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radiolabelled primers and analysed utilizing technically challenging sequencing 

denaturing polyacrylamide gels but fluorescently labelled and analysed by capillary 

electrophoresis. Analysis by capillary electrophoresis allows for the consecutive 

investigation of up to 96 samples, enabling serial biological repeats and increasing 

experimental scope for quantification (Fig. 56). 

 

 

Figure 56 Schematic representation of NMIA treatment, primer extension, reverse 
transcription and fluorescent capillary electrophoresis: 

The SHAPE experimental procedure. NMIA is depicted in red and fluorescently labelled 
primers are shown in green and purple. RT extensions are represented by black lines.  
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Experimentally determined SHAPE reactivities can be used to infer RNA structures 

by restraining an input RNA sequence with the predicted SHAPE reactivities 

utilising in silico algorithms such as Restrained sample (Rsample). Rsample, an 

algorithm incorporated into RNAstructure, models RNA secondary structure using 

thermodynamics guided by RNA secondary structure mapping data. Rsample 

addresses two common limitations in comparison to non-thermodynamically 

guided structural predictions. Firstly, Rsample considers that multiple copies of the 

same sequence can simultaneously fold into different structures. Secondly, it 

analyses the agreement between experimental mapping data and in silico 

predicted mapping data by sampling RNA structure models. This technique 

therefore provides a comprehensive approach in the prediction of RNA structure 

via the integration of thermodynamic prediction with mapping data (Spasic et al., 

2018).  

The inclusion of thermodynamic data in RNA structure prediction has been shown 

to be extremely accurate. For example, the use of SHAPE data as a ‘soft’ pseudo-

free energy constraint increased the prediction accuracy of the 16S E. coli RNA 

structure from 72%, as determined by traditional chemical probing, to 

approximately 95% (Deigan et al., 2009). The inclusion of SHAPE data 

continuously results in base-pair prediction accuracies of approximately >90% 

(Deigan et al., 2009; Hajdin et al., 2013; Rice, Leonard and Weeks, 2014). 

Additionally, simple overlays of SHAPE reactivities on to previously 

thermodynamically predicted RNA structures provide a visually impactful method 

of displaying structural data and investigating the dynamics of RNA structural 

changes. Consequently, the recent advances in SHAPE chemistry and analysis of 

RNA structure using experimentally determined SHAPE data has culminated in an 

extremely powerful and relatively high-throughput accurate method to determine 

RNA structure (Kenyon, Prestwood and Lever, 2014).  

Furthermore, SHAPE chemistry is being increasingly utilised to determine the 

influence of interacting partners, or trans-activating factors, introduced into the 

reaction, following folding and prior to the addition of SHAPE reagent. This 

utilisation of the SHAPE methodology is depicted in figure 57. 
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Figure 57 A schematic diagram of the in vitro SHAPE procedure in the presence of 
trans-activating factors: 

1) The full-length or 5ˊ500 nt DENV genome is in vitro transcribed. 2) The RNA is folded 
and trans-activating factors added. 3) Folded RNA is probed with NMIA, modifying the 
RNA at single-stranded nucleotides. 4) The position of NMIA modified nucleotides are 
detected following reverse transcription, creating a cDNA pool reflecting the position of the 
modified nucleotides. 5) Fluorescent capillary electrophoresis is used to quantify and align 
the cDNA pool, in comparison to a sequencing ladder, and in silico analysis using 
QuSHAPE, RNAstructure and VARNA is used to accurately determine RNA structure 
(Reuter and Mathews, 2010; Karabiber et al., 2013).  
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This method was utilised to predict eIF3 interactions with HCV SLIIIb and similarly 

the 40S ribosome with SLIIId (Sun et al., 2013; Angulo et al., 2016). However, this 

experimental study requires extra experimental optimisation, demanding careful 

consideration of RNase contamination - as a constitutive element of cellular 

extracts or purified protein preparations. However, following consideration, and in 

the case of purified protein - determination of RNA binding characteristics, this 

utilisation of SHAPE experimentation provided a novel avenue for this project. 

Exploring DENV-2 genomic RNA structure under the influence of trans-activating 

factors, such as DENV-2 RdRp and cellular proteins extracted from stably 

expressing DENV HEK293T replicon cells, at physiological temperature considers 

the impact of the physiological environment on DENV genomic RNA structure and 

viral replication in vitro.  

The aims of our DENV-2 in vitro SHAPE experimentation are detailed below:  

1. Determine the genomic conformation, either linear or circular, of full-length 

DENV-2 RNA in the absence/presence of trans-activating factors, in 

comparison to a truncated DENV genomic transcript at physiological 

temperature 

2. Determine the influence of trans-activating factors on cis-acting replication 

elements in the 5ˊ extremity of the DENV genome at physiological 

temperature 

 

This chapter begins by introducing the in vitro SHAPE experimental technique and 

the structural motifs used for diagnosis of the linear or circular genomic 

conformation. The experimental findings of in vitro SHAPE are then described 

utilizing both the truncated 5ˊ 500 nt transcript and full-length DENV genomic RNA 

in the absence and presence of trans-activating factors and at both mammalian 

and insect physiological temperature. This study therefore presents a novel take 

on the in vitro SHAPE experimental technique, considering the structural influence 

of trans-activating factors on DENV-2 genomic RNA in the context of viral 

replication. 
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4.2 Results 

4.2.1 In vitro SHAPE mapping in the absence/presence of trans-

activating factors  

SHAPE fragment analysis was conducted using capillary electrophoresis by DNA 

Sequencing and Services, University of Dundee. Data analysis was subsequently 

carried out using QuSHAPE (Karabiber et al., 2013) and reactivities overlaid onto 

the Mfold predicted structure of the DENV-2 5ˊextremity RNA (1 – 145 nts) at the 

appropriate physiological temperature. The QuSHAPE data analysis pipeline is 

described in figure 58. Example thermodynamically SHAPE data restrained DENV-

2 RNA structures can be viewed in Appendix II. 
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Figure 58 QuSHAPE data analysis pipeline and RNA structural prediction: 

A) Example QuSHAPE NMIA reactivity profile in comparison to a sequencing ladder. B) 
The QuSHAPE analysis pipeline and analysis of RNA structure using RNAstructure and 
the visualisation applet VARNA (Reuter and Mathews, 2010; Karabiber et al., 2013). 
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High quantity, high quality 5ˊ500 nt and full-length DENV-2 genomic RNA was used 

to reproducibly obtain high quality SHAPE reactivity profiles spanning the first 145 

nucleotides of the DENV-2 genome (Figs.  59 and 60).  

 

 

 

 

Figure 59 Analysis of RNA quality as templates for in vitro SHAPE mapping: 

Quality of in vitro transcribed RNA used for in vitro SHAPE mapping procedures. A) the 
full-length DENV-2 transcript in comparison to the Ambion Millenium RNA ladder. B) 5ˊ 
500 nt DENV-2 transcript in comparison to the Ambion Century RNA size ladder.  
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Figure 60 Schematic of 5ˊ500 nt and full-length DENV genomic transcripts used 
throughout in vitro SHAPE experimentation: 

A schematic diagram of in vitro transcribed RNA transcripts used throughout in vitro 
SHAPE experimentation. 1) The 5ˊ 500 nt transcript was used to mimic published SHAPE 
experimentation using DENV-2 RNA and also as a control RNA, unable to cyclise due to 
the lack of complementary 3ˊ cyclisation sequences. 2) The full-length DENV-2 genomic 
RNA transcript. 
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4.2.2 Identification of circular or linear structural genomic form 

Upon analysing SHAPE data, it was vital to be able to identify the linear or cyclised 

structural form of the DENV genome. We utilised structural motifs at the 5ˊ region 

of DENV RNA for this. In the linear genomic form SLB is present, as indicated by 

a top loop reactive to SHAPE reagent and a base paired stem. Additionally, the 

5ˊCS is un base-paired and therefore SHAPE reagent reactive. In the cyclised 

form, the SLB structure is unfolded due to base-pairing of the 5ˊ-3ˊ UAR and the 

5ˊCS and DAR become base-paired upon binding to the 3ˊCS and DAR during 

genomic cyclisation. The structural motifs and predicted rearrangements are 

displayed in figure 61 and utilised throughout SHAPE experimentation to identify 

genomic conformation. 

 

 

Figure 61 Diagnosis of the linear of circular genomic form for data analysis: 

Schematic of structural motifs used in to identify the circular or linear DENV genome 
conformation throughout SHAPE experimentation. Linear genomic conformation: SLB 
structure is present, 5ˊCS is un base-paired. Circular genomic conformation: SLB structure 
is unfolded due to the base pairing of the 5ˊ-ˋ3 UAR interaction. The 5ˊCS hybridises to 
the 3ˊCS and is therefore unreactive to NMIA/NAI. The structural motifs used for genomic 
conformation identification are boxed in orange. DB = Dumbbell, PK= Pseudoknot, UAR= 
Upstream of AUG region, DAR = Downstream of AUG region and CS= Cyclisation 
sequence. Adapted from (Tuplin, 2015). 
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4.2.3 In vitro SHAPE mapping of DENV-2 RNA in the absence of trans-

activating factors at 37 °C 

To date and to our knowledge, published DENV RNA structure analysis using 

SHAPE mapping data has utilised short in vitro transcribed RNAs of approximately 

500 nts in length, generated from mini-genome DENV templates, or as a 

combination of the 5ˊ and 3ˊUTR of DENV genomic RNA (You and Padmanabhan, 

1999). Published DENV full-length SHAPE data has focussed on the influence of 

the 3ˊUTR (Villordo et al., 2015). Therefore, DENV-2 genomic RNA has been 

understudied in this manner. Prior to the analysis of the structure of the DENV-2 

5ˊ region RNA in the context of the full-length genome we mimicked published 

experiments, mapping the structure of the 5ˊ extremity RNA in the context of a 

truncated 5ˊ500 nt transcript. We compared this data with SHAPE data obtained 

following experimentation with the full-length DENV-2 genome.  

The normalised nucleotide reactivities to NMIA are compared, in the context of the 

5ˊ500 nt truncated transcript and the full-length DENV-2 genome, before being 

overlaid onto the predicted structure of the DENV-2 5ˊextremity RNA at 37°C in 

figure 62. 

As expected, the 5ˊ500 nt transcript was in the linear conformation as 3ˊ UTR 

cyclisation sequences were unavailable. This was displayed by NMIA reactivities 

above 0.2 corresponding with the top-loop of SLB, a base-paired stem and the 

5ˊCS predicting these regions to be single-stranded. Analysis of NMIA reactivities 

produced utilising the full-length DENV-2 transcript displayed that this RNA was 

also in the linear conformation as NMIA reactivities were above 0.2 in regions 

corresponding to the top-loop of SLB, a base paired stem and the 5ˊCS indicating 

these regions to be single-stranded and therefore in the linear conformation. The 

circular genomic form is predicted to be the most thermodynamically stable form 

of the DENV genome however, in vitro in the absence of trans-activating factors 

the full-length DENV-2 genome forms the linear conformation.  

The stabilisation of the UFS, at the base of SLB, is suggested to be fundamental 

for the binding of DENV-2 RdRp in the linear context of the genome and in 

controlling the switch between the linear and cyclic genomic form. In the absence 
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of trans-activating factors, utilising both transcripts, the UFS is unstable, as 

determined by the high accessibility to NMIA in this region, indicating this region to 

be predominantly single-stranded and therefore the absence of the UFS structure 

(Fig.  62).  

The structure of cHP is suggested to be important in the regulation of viral 

replication. In the context of the 5ˊ500 nt transcript, in the absence of trans-

activating factors the structure ceases to form. This is indicated by a lack of NMIA 

reactivity displayed by nucleotide bases corresponding to the top-loop of the 

structure being pre-dominantly base-paired. Additionally, the base of cHP ceases 

to form indicated by the nucleotides corresponding to the side of the base of the 

stem displaying a high-reactivity and are therefore predominantly single-stranded. 

This observation is also echoed in the context of the full-length genome whereby 

the structure ceases to form as evidenced by high NMIA nucleotide reactivities 

corresponding to the side of the stem-loop base indicating this region to be 

predominantly single-stranded (Fig.  62) 
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Figure 62 In vitro SHAPE mapping of DENV-2 5ˊ500 nt and full-length genomic RNA 
transcripts: 

A) NMIA reactivities corresponding to the 5ˊ 500 nt and full-length transcript are shown in 
blue and red respectively. The dashed line corresponds to a NMIA reactivity of 0.2. 
Reactivities above this line are partially reactive and above 0.5 are highly reactive to NMIA 
and therefore single-stranded. Nucleotide positions of RNA structures and cyclisation 
sequences are indicated. B) 5ˊ500 nts NMIA reactivities overlaid onto the first 145 nts of 
DENV-2 genomic RNA. C) Full-length DENV-2 NMIA reactivities overlaid onto the first 145 
nts of DENV-2 genomic RNA. Overlays of NMIA reactivities conducted using VARNA. 
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4.2.4 In vitro SHAPE mapping of DENV-2 RNA in the presence of 

DENV-2 RdRp at 37 °C 

Both DENV-2 5ˊ500 nt and full-length RNA transcripts form the linear 

conformation, displaying an unstable UFS, in vitro in the absence of trans-

activating factors. The next logical step was to consider the physiological 

environment of DENV infection in vitro, analysing the influence of the DENV-2 

RdRp on DENV genomic RNA structure, with the aim of investigating what controls 

the switch between the linear and cyclized genomic forms. It was hypothesised 

that DENV-2 RdRp may cause the switch from the linear to cyclised form since it 

was suggested that the DENV UFS is required for the binding of DENV-2 RdRp to 

SLA, yet the cyclised genomic form is required to transfer the RdRp to the 3ˊ SL 

and therefore replicate the viral genome. Consequently, the binding of RdRp to 

SLA was hypothesised to induce the genomic structural change.  

The normalised nucleotide reactivities to NMIA are compared, in the context of 

both the 5ˊ500 nt and full-length genome transcript in the absence and presence 

of DENV-2 RdRp, before being overlaid onto the predicted structure of the DENV-

2 5ˊ extremity RNA at 37°C in figures 63 and 67.  

In the context of the 5ˊ 500 nt transcript a number of structural rearrangements 

occur upon the addition of DENV RdRp. The nucleotide region corresponding to 

the UFS becomes yet more unstable, as indicated by the increased nucleotide 

reactivities in this region in comparison to the SHAPE mapping data in the absence 

of trans-activating factors. The structure of cHP also ceases to form adequately, 

as indicated by the increased nucleotide reactivities to NMIA in regions 

corresponding to the stem of cHP and to the top-loop of cHP. Therefore, significant 

structural rearrangements occur in the context of the 5ˊ500 nt DENV-2 RNA 

transcript upon the addition of DENV-2 RdRp (Fig. 63). 
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Figure 63 In vitro SHAPE mapping of DENV-2 5ˊ500 nt transcript in the absence and 
presence of DENV-2 RdRp: 

A) NMIA reactivities corresponding to the 5ˊ 500 nt in the absence and presence of DENV-
2 RdRp in blue and red respectively. The dashed line corresponds to a NMIA reactivity of 
0.2. Reactivities above this line are partially reactive and above 0.5 are highly reactive to 
NMIA and therefore single-stranded. Nucleotide positions of RNA structures and 
cyclisation sequences are indicated. B) 5ˊ500 nts NMIA reactivities overlaid onto the first 
145 nts of DENV-2 genomic RNA. C) 5ˊ 500 nt in the presence of DENV-2 RdRp NMIA 
reactivities overlaid onto the first 145 nts of DENV-2 genomic RNA. Overlays of NMIA 
reactivities conducted using VARNA. 
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As previously discussed, in the context of the DENV full-length genome in the 

absence of trans-activating factors the genome forms the linear conformation, 

displaying a NMIA reactive top-loop of SLB and a reactive 5ˊDAR and 5ˊCS. 

Furthermore, the UFS is inherently unstable in this context. Upon the addition of 

DENV-2 RdRp the genome remains in the linear form, indicated by a NMIA reactive 

top-loop of SLB and reactive cyclisation sequences. The UFS does not form and 

the SLB structure melts as the stem becomes more reactive to NMIA. In addition, 

cHP also ceases to form as indicated by the loss of reactivity in regions 

corresponding the top-loop of the structure and the increased reactivity in regions 

corresponding to the stem/base of the structure (Fig. 64). 
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Figure 64 In vitro SHAPE mapping of full-length DENV-2 genomic RNA in the 
absence and presence of DENV-2 RdRp: 

A) NMIA reactivities corresponding to full-length DENV-2 genomic RNA in the absence 
and presence of DENV-2 RdRp in blue and red respectively. The dashed line corresponds 
to a NMIA reactivity of 0.2. Reactivities above this line are partially reactive and above 0.5 
are highly reactive to NMIA and therefore single-stranded. Nucleotide positions of RNA 
structures and cyclisation sequences are indicated. B) Full-length DENV-2 genomic RNA 
NMIA reactivities overlaid onto the first 145 nts of DENV-2 genomic RNA. C) Full-length 
DENV-2 genomic RNA in the presence of DENV-2 RdRp NMIA reactivities overlaid onto 
the first 145 nts of DENV-2 genomic RNA. Overlays of NMIA reactivities conducted using 
VARNA. 
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4.2.5 In vitro SHAPE mapping of DENV-2 RNA in the presence of 

HEK293T replicon extract at 37 °C 

Following in vitro SHAPE mapping experiments in the presence of the trans-

activating factor DENV-2 RdRp, the next logical step was to consider the structure 

of DENV RNA in the context of the cellular environment under a mimicked virally 

infected state. We extracted proteins from replication competent HEK293T cells, 

stably expressing DENV-2 non-structural proteins, and utilised them in in vitro 

SHAPE experimentation (for DENV replicon map and confirmation of the stable 

expression of DENV non-structural proteins refer to section 5.2.2). This aimed to 

further deduce the biological mechanisms behind the switch from the linear to 

circular genomic form of the genome, an act fundamental to viral replication, in a 

more physiologically relevant context. 

The normalized nucleotide reactivities to NMIA are compared, in the context of 

both the 5ˊ500 nt and full-length genomic transcript in the absence and presence 

of stably expressing DENV HEK293T replicon cellular extract, before being 

overlaid onto the predicted structure of the DENV-2 5ˊ extremity RNA at 37°C 

(figures 65 and 66).  

In the context of the 5ˊ 500 nt truncated transcript, upon the addition of HEK293T 

replicon cellular extract the linear genomic form is maintained, as displayed by the 

reactivity of the top-loop of SLB to NMIA a base-paired stem, and a single-stranded 

5ˊ CS. The UFS is further de-stabilized in this context as displayed by the 

increased NMIA reactivities in this region. Upon the addition of stably expressing 

DENV HEK293T replicon cellular extract the cHP structure is stabilised as 

indicated by the loss of NMIA reactivity corresponding to bases comprising the 

stem of cHP and an increase in reactivity corresponding to bases comprising the 

top-loop of cHP. Therefore, the addition of DENV HEK293T replicon cellular 

extract causes structural rearrangements in the context of the 5ˊ500 nt DENV RNA 

transcript (Fig.  65). 
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Figure 65 In vitro SHAPE mapping of 5ˊ500 nt DENV-2 genomic RNA in the absence 
and presence of stably expressing DENV HEK293T replicon cellular protein extract: 

A) NMIA reactivities corresponding to 5ˊ 500 nt DENV-2 genomic RNA in the absence and 
presence of HEK293T DENV replicon S100 protein extract in blue and red respectively. 
The dashed line corresponds to a NMIA reactivity of 0.2. Reactivities above this line are 
partially reactive and above 0.5 are highly reactive to NMIA and therefore single-stranded. 
Nucleotide positions of RNA structures and cyclisation sequences are indicated. B) 5ˊ 500 
nt DENV-2 genomic RNA NMIA reactivities overlaid onto the first 145 nts of DENV-2 
genomic RNA. C) 5ˊ 500 nt DENV-2 genomic RNA in the presence of HEK293T DENV 
replicon S100 protein extract NMIA reactivities overlaid onto the first 145 nts of DENV-2 
genomic RNA. Overlays of NMIA reactivities conducted using VARNA. 
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Furthering our studies, we SHAPE mapped the full-length DENV genome in vitro 

in the presence of stably expressing DENV HEK293T replicon cell extract. As 

previously described, we have deduced that the full-length DENV-2 genome 

favours the linear conformation in the absence of trans-activating factors in vitro. 

Upon the addition of stably expressing DENV HEK293T replicon cellular extract 

the linear form of the genome is maintained, as indicated by nucleotides 

corresponding to the top-loop of SLB being consistently NMIA reactive and the 

reactivity of bases corresponding to the 5ˊCS indicating this region to be single-

stranded. The UFS is unstable in this context as displayed by the increased NMIA 

reactivity in the nucleotide region corresponding to the base of SLB. The cHP 

structure became stabilized in this context, as indicated by the reduced reactivity 

to NMIA corresponding to bases in the region of the base of cHP indicating this 

region to be base-paired and the increased reactivity of bases corresponding to 

the top-loop of cHP inferring this region to be predominantly single-stranded (Fig. 

66).  
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Figure 66 In vitro SHAPE mapping of full-length DENV-2 genomic RNA in the 
absence and presence of HEK293T DENV replicon S100 protein extract: 

A) NMIA reactivities corresponding to full-length DENV-2 genomic RNA in the absence 
and presence of HEK293T DENV replicon S100 protein extract in blue and red 
respectively. The dashed line corresponds to a NMIA reactivity of 0.2. Reactivities above 
this line are partially reactive and above 0.5 are highly reactive to NMIA and therefore 
single-stranded. Nucleotide positions of RNA structures and cyclisation sequences are 
indicated. B) Full-length DENV-2 genomic RNA NMIA reactivities overlaid onto the first 
145 nts of DENV-2 genomic RNA. C) Full-length DENV-2 genomic RNA in the presence 
of HEK293T DENV replicon S100 protein extract NMIA reactivities overlaid onto the first 
145 nts of DENV-2 genomic RNA. Overlays of NMIA reactivities conducted using VARNA. 
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4.2.6 In vitro SHAPE mapping of DENV-2 RNA in the absence and 

presence of DENV-2 RdRp at 28 °C 

DENV cycles between mammalian and insect hosts and therefore must structurally 

adapt to the constraints of each environment to establish a robust infection. In 

contrast to mammalians, DENV infection of mosquito cells leads to a persistent 

infection without apparent pathological effect. Additionally, previous work has 

identified differential RNA sequence requirements for DENV replication between 

mosquito and human cells (Villordo and Gamarnik, 2013). However, the 

mechanistic basis of this host adaptation is not understood at the RNA structural 

level. We therefore sought to analyse the structure of the DENV-2 5ˊ extremity 

RNA at 28°C (insect physiological temperature) in the absence and presence of 

DENV-2 RdRp to further deduce the biological mechanisms of the switch between 

the linear and circular forms of the genome during replication, in an environment 

where a persistent infection is established.  

The normalized nucleotide reactivities to NMIA are compared, in the context of 

both the 5ˊ500 nt and full-length genome transcript in the absence and presence 

of DENV-2 RdRp, before being overlaid onto the predicted structure of the DENV-

2 5ˊ extremity RNA at 28°C (Figs 67 and 68).  

As depicted in figure 67, the 5ˊ500 nt DENV transcript used throughout this study 

as a DENV genomic RNA form unable to cyclise is, as expected linear, in the 

absence of DENV-2 RdRp at 28°C as determined by the increased reactivity to 

NMIA in regions corresponding to the top-loop of SLB and to nucleotides 

comprising the 5ˊCS indicating this region to be single-stranded.  The UFS at the 

base of SLB is unstable in this context, with reactivities at the base of SLB 

indicating this region to be single-stranded. The cHP structure is destabilized as 

shown by the nucleotides corresponding to the base of cHP displaying a high 

reactivity to NMIA, inferring this region to be single-stranded. 

Upon the addition of DENV-2 RdRp, in the context of the 5ˊ 500 nt transcript, the 

genomic conformation of the RNA remains the same, displaying the described 

diagnostic signs of the linear molecule. However, following the binding of DENV 

RdRp the UFS at the base of SLB remains unstable. The cHP structure remains 
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destabilized, as displayed by nucleotides corresponding to the base of cHP 

displaying a high reactivity profile to NMIA (Fig. 67).  
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Figure 67 In vitro SHAPE mapping of 5ˊ 500 nt DENV-2 genomic RNA in the absence 
and presence of DENV-2 RdRp at insect physiological temperature: 

A) NMIA reactivities corresponding to 5ˊ 500 nt DENV-2 genomic RNA in the absence and 
presence of DENV-2 RdRp in blue and red respectively. The dashed line corresponds to 
a NMIA reactivity of 0.2. Reactivities above this line are partially reactive and above 0.5 
are highly reactive to NMIA and therefore single-stranded. Nucleotide positions of RNA 
structures and cyclisation sequences are indicated. B) 5ˊ 500 nt DENV-2 genomic RNA 
NMIA reactivities overlaid onto the first 145 nts of DENV-2 genomic RNA. C) 5ˊ 500 nt 
DENV-2 genomic RNA in the presence of DENV-2 RdRp NMIA reactivities overlaid onto 
the first 145 nts of DENV-2 genomic RNA. Overlays of NMIA reactivities conducted using 
VARNA. 
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Furthering our studies, we SHAPE mapped the full-length DENV RNA transcript at 

insect physiological temperature in the absence and presence of DENV-2 RdRp.  

The full-length transcript in the absence of DENV-2 RdRp displayed the linear 

genomic form with NMIA reactivities present corresponding to the top-loop of SLB 

and to the 5ˊCS, indicating these regions to be single-stranded. Additionally, in this 

context the UFS at the base of SLB is reactive to NMIA indicating this region to be 

predominantly single-stranded. However, upon the addition of DENV-2 RdRp the 

linear genomic form is maintained, as indicated by the same characteristic 

structural motifs. Additionally, the UFS at the base of SLB remains de-stabilized. 

However, in this context the cHP stabilizes. This is indicated by the reduction in 

nucleotide reactivities corresponding to nucleotides comprising the stem/base of 

cHP. The top-loop of cHP is reactive to NMIA and is therefore single-stranded, 

indicating the restoration of the structure of this stem-loop (Fig.  68).  
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Figure 68 In vitro SHAPE mapping of full-length DENV-2 genomic RNA in the 
absence and presence of DENV-2 RdRp at insect physiological temperature 

A) NMIA reactivities corresponding to full-length DENV-2 genomic RNA in the absence 
and presence of DENV-2 RdRp in blue and red respectively. The dashed line corresponds 
to a NMIA reactivity of 0.2. Reactivities above this line are partially reactive and above 0.5 
are highly reactive to NMIA and therefore single-stranded. Nucleotide positions of RNA 
structures and cyclisation sequences are indicated. B) Full-length DENV-2 genomic RNA 
NMIA reactivities overlaid onto the first 145 nts of DENV-2 genomic RNA. C) Full-length 
DENV-2 genomic RNA in the presence of DENV-2 RdRp NMIA reactivities overlaid onto 
the first 145 nts of DENV-2 genomic RNA. Overlays of NMIA reactivities conducted using 
VARNA. 
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4.2.7 In vitro SHAPE mapping of DENV-2 genomic RNA results 

summary 

Summary of in vitro SHAPE mapping experimental results at mammalian 

physiological temperature: 

Table 4 Summary of in vitro SHAPE mapping experimental results at mammalian 

physiological temperature 

FL = full-length 

 

 

 

Summary of in vitro SHAPE mapping experimental results at insect physiological 

temperature:  

Table 5 Summary of in vitro SHAPE mapping experimental results at insect 

physiological temperature 

FL = full-length 

 

 

Key:  

✓ = presence of RNA structure  

 = absence of RNA structure  
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4.3  Discussion 

4.3.1 The linear DENV-2 genomic conformation is predominant in the 

absence of trans-activating factors at mammalian and insect 

physiological temperatures.  

The plasticity of the positive-sense single-stranded RNA genome is fundamental 

to the replication cycle of DENV, the cyclic form vital to negative-sense RNA 

synthesis, repositioning the promoter-RdRp complex in proximity to the 3ˊSL 

(Filomatori et al., 2006; Lodeiro and Filomatori, 2009). The cyclic form of the 

DENV-2 genome is suggested to be thermodynamically favoured, previously 

identified to form spontaneously in the absence of trans-activating factors in the 

context of the full-length DENV genome and utilising RNA constructs containing 

intact 5ˊ-3ˊ cyclisation sequences (Alvarez, Lodeiro, et al., 2005). However, 

despite this, a balance between the two structural forms is essential to efficient 

viral replication (Villordo, Alvarez and Gamarnik, 2010). It is likely that both 

structural forms of the genome are present throughout replication at both 

mammalian and insect physiological temperatures, establishing a controlled viral 

replication cycle.  

In an environment where trans-activating factors are absent it was predicted that 

the full-length DENV-2 genome would spontaneously form the circular 

conformation, identified using specific structural motifs corresponding to the 

circular form of the genome and in comparison to a 5ˊ500 nt truncated DENV-2 

RNA transcript, unable to cyclise. It was expected that the circular genomic 

conformation would form at both mammalian and insect physiological 

temperatures, perhaps further stabilized at 28 °C owing to the ability of DENV to 

establish a persistent infection. However, our extensive studies at both mammalian 

and insect temperatures in the absence of trans-activating factors show that the 

linear conformation is the predominant genomic form. It may be that in the absence 

of trans-activating factors, and therefore an environment not conducive to 

replication, the DENV-2 genome does not require the cyclic conformation. It is 

possible that the linear conformation acts to inhibit minus strand RNA synthesis 

and therefore in an environment not conducive to viral replication it may be that 
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the DENV-2 linear genomic conformation is stabilised (Villordo, Alvarez and 

Gamarnik, 2010). Previous work has suggested that the DENV-2 genome is 

inherently unstable in vitro (Liu et al., 2016). We further hypothesise, that the 

DENV-2 serotype used for our structural studies is inherently unstable and 

therefore predominantly remains in the linear conformation in vitro in the absence 

of trans-activating factors (Sasmono et al., 2015). 

4.3.2 The influence of DENV-RdRp binding on DENV RNA structure at 

mammalian and insect physiological temperatures  

The binding of RdRp to 5ˊSLA is fundamental to viral replication. However, 

although it is known that the DENV-RdRp binds to SLA, genomic cyclisation is 

required to bring the RdRp bound 5ˊSLA into the proximity of the 3ˊSL, thereby 

promoting RdRp transfer to 3ˊSL, allowing for the initiation of negative-sense RNA 

synthesis and viral replication. Additionally, it has been proposed that the RdRp 

binds to SLA when the UFS is formed, as the presence of the UFS increases the 

affinity of the RdRp for SLA when in the linear conformation. It is suggested that 

the loss of the UFS structure results in a reduced affinity of RdRp for SLA and 

therefore promotes the transfer of the RdRp to the 3ˊ end of the genome (Liu et 

al., 2016). Consequently, it was hypothesised that the binding of DENV-RdRp may 

cause the switch from the linear genomic conformation to the circular 

conformation.  

Using both the 5ˊ500 nts and full-length DENV RNA transcripts at mammalian and 

insect physiological temperatures, we analysed the influence of DENV-2 RdRp on 

DENV-2 RNA structure in the first 145 nts of the DENV genome. In comparison to 

the structure of DENV RNA in the absence of bound RdRp, we determine both the 

full-length and 5ˊ500 nts transcripts to remain in the linear conformation when 

bound to RdRp in vitro. Both transcripts, in the presence of RdRp, displayed a 

NMIA reactivity profile indicative of the linear form whereby the top-loop of SLB 

and 5ˊCS were reactive and therefore predicted to be single-stranded. 

Consequently, the binding of RdRp alone is not sufficient to cause the cyclisation 

of the DENV full-length genome in an in vitro context, and therefore requires other 

factors of either viral or host cell origin in order to cyclise the genome.  
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However, upon RdRp binding to DENV genomic RNA some significant structural 

changes were observed, altering the conformation of downstream stem-loops SLB 

and cHP at both mammalian and insect temperatures. Notably, the DENV-2 UFS 

remains structurally unstable in the presence of DENV-RdRp. 

The UFS has been suggested to be a critical regulatory structure in DENV 

replication, regulating the binding of the RdRp to SLA (Liu et al., 2016). In vitro, in 

the absence and presence of DENV RdRp, we did not observe a stable UFS, but 

consistently an unstable, single-stranded UFS at both mammalian and insect 

physiological temperature. We hypothesise the inherent instability of the DENV-2 

UFS is as a result of its inherent genomic instability and increased replication ability 

whereby the UFS structure is unfolded and stabilised frequently as a result of 

genomic cyclisation during replication (Sasmono et al., 2015). Moreover, despite 

RdRp binding, the UFS ceases to stabilise and the genome remains in the linear 

conformation. We hypothesise that, upon RdRp binding to 5ˊSLA the UFS remains 

unstable, preparing the genome to cyclise as the UFS structure is unfolded during 

genomic cyclisation. Therefore, the binding of RdRp may be acting to further 

promote the instability of the DENV UFS, preparing the genome for genomic 

cyclisation a critical first step in DENV replication. 

It has been suggested that the cHP element is a critical determinant of the DENV 

life-cycle, with regulatory roles associated with both viral replication and 

translation. In terms of viral replication, the cHP has been shown to operate 

independently of its sequence – indicating that it is likely to function in RNA 

synthesis as part of the overall topology of the 5ˊend of the genome. It is proposed 

that the cHP element acts to stall the ribosome at the correct AUG initiation site 

and in doing so allowing for the rearrangement of RNP complexes around the start 

codon or acting to recruit other factors to allow the genomic conformational shift 

from linear to circular necessary for RNA synthesis. Furthermore, if rounds of RNA 

synthesis are closely coupled to rounds of translation, the cHP element could be 

acting to enhance RNA synthesis by promoting virus translation during the viral 

life-cycle. It was also suggested that the formation of the cHP element may favour 

the cyclised genomic state (Clyde and Harris, 2006; Clyde, Barrera and Harris, 

2008). However, the function of cHP during viral RNA synthesis remains unknown.  
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This information may be translated to our studies; in the absence of DENV RdRp 

or ribosomal initiation factors there is no need for the cHP structure to be 

maintained and therefore remains unstable in this context. In the context of the full-

length genome bound to RdRp at 37 °C, the binding of the RdRp alone is not 

sufficient to cause genomic cyclisation and therefore the structure remains 

unstable. On the other hand, in the context of the full-length genome at 28 °C, 

when bound to DENV RdRp the cHP structure appears to re-form and stabilise 

whilst remaining in the linear conformation. We hypothesise that DENV genomic 

RNA is more stable when replicating at the lower temperature of 28 °C, evidenced 

by the ability to establish a persistent infection in mosquito cells.  Therefore, upon 

the binding of RdRp the structural changes induced by RdRp are more prevalent 

and can be seen by the restoration of the cHP structure. This action caused by the 

binding of RdRp, whilst not inducing the cyclisation of the genome alone, may be 

acting to stabilise the cHP structure, preparing for replication complex recruitment 

or preparing to form the circular genomic conformation, or aiding start codon 

selection in mosquito cells (Clyde and Harris, 2006; Clyde, Barrera and Harris, 

2008).   

Consequently, our studies suggest that DENV RdRp binding to DENV genomic 

RNA in vitro acts to prepare the genome, via the structural rearrangement of down-

stream cis-acting RNA structures, notably SLB, UFS and cHP, for genomic 

cyclisation. The binding of DENV-2 RdRp alone does not cause the linear to 

circular genomic switch but does act to prepare the genome for genomic cyclisation 

– a critical first stage in the DENV replication cycle.  

4.3.3 The influence of HEK293T DENV replicon protein extract on 

DENV RNA structure at mammalian physiological temperature 

To analyse DENV RNA structure in the context of a viral infection, we mapped the 

structure of the 5ˊ end of the DENV genome in the presence of stably expressing 

DENV HEK293T replicon protein extract at mammalian physiological temperature. 

In the context of the 5ˊ500 nt transcript, unable to cyclise, upon the addition of 

stably expressing DENV HEK293T replicon protein extract the UFS is observed to 

become more unstable. However, the cHP structure stabilises upon the addition of 

the protein extract. These observations are also detected in the context of the full-
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length genome and the full-length genome is observed to remain in the linear 

conformation.  

The influence of cHP in viral replication is discussed in section 4.3.2. We further 

hypothesise, that in the context of a more representative host and viral 

physiological environment in vitro, DENV HEK293T replicon protein trans-

activating factors are acting to induce structural changes to DENV genomic RNA, 

preparing the genome for cyclisation, evidenced by the stabilisation of cHP and 

the continuous instability of the DENV UFS. Also, in the context of the full-length 

DENV genome the circular genomic form is not observed in the presence of trans-

activating factors. The interaction of the 5ˊUTR with translation initiation factors 

could act to de-stabilise the 5ˊ-3ˊ ends of the viral genome and therefore induce 

the formation of the linear genomic form (Villordo, Alvarez and Gamarnik, 2010). 

On the other hand, we observe downstream genomic structural rearrangements 

and therefore viral and host trans-activating factors could be acting to prepare the 

genome for genomic cyclisation. We hypothesise that HEK293T DENV replicon 

trans-activating factors do not act to induce the formation of the circular DENV 

genome but act to further prepare DENV genomic RNA for genomic cyclisation 

and viral replication.  

This study could be further extended via the analysis of DENV genomic RNA 

structure in the presence of DENV replicon protein extract of mosquito origin 

(C6/36 or Aag2) at mosquito physiological temperature, to further deduce the 

biological mechanisms behind the linear to circular genomic switch, considering 

the important influence of the insect host environment.   

4.3.4 The limitations of in vitro SHAPE mapping and future 

directions 

Due to a multitude of biochemical advances, in vitro SHAPE mapping is routinely 

used for RNA structural analysis. However, there are significant limitations 

involving its usage in vitro:  

Primarily, in vitro transcription is used to generate the template RNA for structural 

analysis which is then unfolded and re-folded, in the absence or presence of trans-

activating factors. Despite the template RNA routinely quality analysed, via 
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denaturing MOPS agarose gel electrophoresis, this action does not take into 

account the multitude of conformational forms or truncations present within the in 

vitro transcribed RNA sample. Therefore, this is not controlled in the in vitro SHAPE 

experiment and the experimental data samples all conformations at one time. One 

way to overcome this experimental limitation is the utilisation of in-gel SHAPE 

which can be used to map the structure of RNA molecules of the same structural 

conformation. A mixed structural population of RNAs is separated by non-

denaturing agarose gel electrophoresis and the individual conformers probed, with 

SHAPE reagent, within the gel matrix before extraction and computational analysis 

of RNA structure. This technique was used to examine the RNA structure of the 

monomeric and dimeric species of the HIV-1 packaging signal RNA (Kenyon et al., 

2013). However, this technique is currently technically challenging, involving the 

use of non-denaturing agarose gels which require experienced handling. 

In contrast, SHAPE mapping has been coupled to deep sequencing technology, 

termed SHAPE-seq, characterizing the structure of multiple RNAs within a single 

experiment at the transcriptome level. However, while providing higher resolution 

structural information, this technique is limited to relatively short in vitro transcribed 

RNA molecules of approximately 300 nucleotides and demands expert statistical 

analysis (Lucks et al., 2011). 

Furthermore, a common problem upon SHAPE data analysis is NMIA reactivity 

induced experimental variability due to RNA breathing in solution and the average 

sampling of multiple RNA conformations. This problem is overcome by the 

utilisation of multiple experimental repeats and the inclusion of average SHAPE 

reactivities in thermodynamic predictions.  

Fundamentally, the main experimental limitation of in vitro SHAPE mapping is that 

the determined RNA structure may not be truly reflective of RNA structure 

intracellularly or in vivo, regardless of the experimental inclusion of trans-activating 

factors. To overcome this fundamental limitation, in vivo or intracellular SHAPE 

mapping is coming to the forefront of SHAPE RNA structural analysis. Intracellular 

SHAPE mapping utilises SHAPE reagents specifically designed to modify RNA 

within the cellular environment eliminating the fundamental flaw of in vitro SHAPE 

mapping experimentation and is consequently the subject of Chapter 5.  
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Chapter 5 Intracellular SHAPE analysis of DENV-2 genomic RNA 

structure 
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5.1 Introduction 

RNAs of interest have been extensively structurally probed and characterised 

using SHAPE chemistry in vitro. Furthermore, in vitro RNA structure probing 

experiments have improved the accuracy of in silico structural models, allowing for 

the inclusion of RNA structural data, adding extensively to our knowledge of RNA 

structural motifs. Previously, we utilised in vitro SHAPE to analyse the RNA 

structure of the 5ˊ extremity of the DENV-2 RNA genome – investigating the 

influence of trans-activating factors on genome conformation (Chapter 4). These 

results led us to propose that, in an in vitro context, trans-activating factors 

influence local RNA conformation, acting to prepare the DENV-2 RNA genome for 

cyclisation and subsequently genome replication following the initiation of genomic 

transcription. However, RNA structure in the intracellular context, during active 

viral replication, is likely to be more complex than can be observed in vitro. To 

investigate this further, we chose to probe DENV-2 genomic RNA structure within 

live cells during active virus replication. The aim of experimentation was to further 

elucidate the biological mechanisms influencing conformational changes within the 

Flavivirus genome associated with initiation of replication and switching between 

the linear and circular genomic forms.  

RNA structure in cells is influenced by a multitude of factors for example; the rate 

of transcription, local solution conditions, RNA chaperones, the binding of trans-

activating factors and viral infection, all of which are challenging to truly replicate 

in vitro (Schroeder et al., 2002; Spitale et al., 2013). For example, local solution 

conditions vary throughout the host cell. pH varies according to the functional 

requirements of the organelle, ranging from pH 6 to 6.7 through the golgi apparatus 

and therefore throughout viral encapsidation and release (Rivinoja et al., 2011). 

Previous studies have demonstrated that RNA folding can differ intracellularly and 

in vitro. For example, human telomerase RNA forms a 5ˊ phylogenetically 

conserved pseudo-knot which is not observed in an intracellular context. This was 

identified following HeLa cell nuclear fractionation, RNA modification and 

subsequent radiolabelled primer extension in comparison to the treatment of in 

vitro transcribed telomerase RNA (Antal et al., 2002). Additionally, exon mutants 

of the Tetrahymena pre-rRNA shows a 100-fold decrease in self-splicing in vitro. 
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However, self-splicing capability was fully rescued when the pre-rRNA was 

expressed in E. coli therefore suggesting that RNA folding is facilitated 

intracellularly, not accounted for in an in vitro context as determined by 

experimental differences in splicing rates (Nikolcheva and Woodson, 1999). 

Therefore, for our studies, it was important to consider the intracellular 

environment and its influence on RNA folding in the context of DENV-2 replication.  

Intracellular SHAPE probes the structure of RNA molecules within living cells – 

thus investigating the effect of the intracellular environment on RNA conformation. 

SHAPE reagents, for example 2-methylnicotinic acid imidazolide (NAI), specifically 

designed and synthesised to have properties amenable for RNA labelling inside 

living cells, such as increased solubility and half-life, are introduced in cell culture 

(Lee et al., 2017). The intracellular SHAPE reagent (NAI) acts to modify total 

cellular RNA at nucleotide positions that are single-stranded, and therefore un-

restrained with a free 2’ OH group. Double-stranded, restrained nucleotides remain 

unmodified (Fig. 69).  

Following RNA extraction of total cellular RNA, NAI modified nucleotides are 

identified by primer extension and fragment size analysis, as described in detail 

previously for NMIA modifications during in vitro SHAPE (Chapter 4, section 4.1). 

Briefly, NAI was used at limiting concentrations, so that individual RNA molecules 

are only modified at a single position. Reactivity at individual nucleotides was then 

measured by capillary electrophoresis fragment size analysis of reverse 

transcription termination products (using DENV specific primers). This information 

can then be used to restrain the RNA sequence of interest, with corresponding 

SHAPE reactivities, or overlaid onto a predicted structural model producing an 

accurate RNA structural model representative of the intracellular environment 

(Spitale et al., 2013; Watters et al., 2016; Lee et al., 2017). Statistics of SHAPE 

reactivity-based RNA structural prediction accuracy are discussed in Chapter 4 

section 4.1. 
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Figure 69 Intracellular SHAPE modification by NAI:  

A) The modification of single-stranded RNA (ssRNA) nucleotides by NAI. B) Overview of 
the experimental process of intracellular SHAPE using NAI to determine RNA structure. 
Taken from (Feng, Chan and Spitale, 2017). 

 

To our knowledge, intracellular SHAPE mapping of viral RNA structure during 

active virus replication has not been previously published. Intracellular SHAPE was 

used to uncover dynamic RNA-RNA interactions between the UTR regions of Foot-

and-Mouth disease virus, in the context of transfected RNA transcripts, un-

representative of full virus infection due to the transfection procedure and non-

replicating (Diaz-Toledano, Lozano and Martinez-Salas, 2017). Additionally, in 

virion SHAPE has been utilised, for example, following the purification of intact 

poliovirus virions to determine the structure of full-length poliovirus RNA (Burrill et 

al., 2013). Therefore, investigation of DENV RNA structure during active virus 

replication/ infection posed a novel avenue to explore DENV RNA structure, in a 

more physiologically relevant context during active viral replication.  

Virus entry, replication and assembly are dynamic, highly co-ordinated processes 

fundamentally requiring specific interactions with host cell components, often 
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occurring within sub-cellular compartments, concentrating these interactions to 

one location but acting to evade the host immune response, promoting their 

replication (Inoue and Tsai, 2013). Flavivirus replication is known to occur within a 

sub-cellular compartment termed the replication complex, formation of which is 

virally induced at the ER membrane. Combined immunoelectron microscopy and 

electron tomography studies have investigated the architecture of Flavivirus- 

induced membrane structures associated with functional replication complexes 

within mammalian and insect cells (Welsch et al., 2009; Gillespie et al., 2010; 

Offerdahl et al., 2012; Junjhon et al., 2014). Following infection, a complex set of 

DENV-modified structures are formed, including double-membrane vesicles 

enclosed within membrane packets, convoluted membranes and tubular structures 

were observed, covered by a single continuous ER membrane (Welsch et al., 

2009). Double membrane vesicles, were found to be comprised of viral RNA, 

replication proteins and cellular proteins forming the active viral replication 

complex where negative-sense RNA synthesis occurs and viral replication takes 

place (Mackenzie, 2005; Salonen, Ahola and Kaariainen, 2005; Miller and Krijnse-

Locker, 2008; Welsch et al., 2009). 

As evidenced, DENV interacts with host cell membranes to induce the formation 

of the replication complex, the site of viral replication. We therefore sought to 

extend our RNA structural analysis utilising intracellular SHAPE to investigate the 

structure of viral RNA within an environment enriched for active viral replication 

complexes. Due to the containment requirements of DENV, we isolated the 

membrane fraction from stably expressing DENV HEK293T replicon cells, to 

determine the structure of DENV RNA within an environment enriched for active 

replication complexes thus providing vital insight into the conformation of DENV-2 

RNA undergoing replication.     

To date and to our knowledge, DENV-2 RNA structure has not been investigated 

intracellularly following infection or during active viral replication in the context of 

stably expressing DENV replicon cells. Consequently, the aims of our intracellular 

experimentation are detailed as follows: 

1. Optimisation of DENV intracellular SHAPE 
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2. Compare and contrast in vitro SHAPE experimental results at both 

mammalian and insect physiological temperature with intracellular SHAPE 

experimental results following total RNA extraction of stably expressing 

DENV HEK293T replicon cells or following DENV-2 infection 

3. Compare and contrast intracellular SHAPE results from DENV RNA 

extracted from the membrane fraction of stably expressing DENV HEK293T 

cells enriched for active viral replication complexes with intracellular 

structural results from total RNA extraction 

This chapter therefore describes the optimisation of the intracellular SHAPE 

method utilised for our studies. We then present the structure of 5ˊ extremity 

DENV-2 RNA extracted from mammalian and insect cells following DENV-2 

infection or extracted from DENV stably expressing HEK293T replicon cells. We 

then present the structure of DENV genomic RNA within DENV replication complex 

enriched fractions.  
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5.2 Results 

5.2.1 Optimisation of DENV-2 Intracellular SHAPE  

 

5.2.1.1 Determination of NAI activity and optimum incubation time  

NAI was synthesised following the protocol described in (Lee et al., 2017). 1M 

stocks were stored at – 80°C and allowed to equilibrate to room temperature before 

use. We analysed the activity of synthesised NAI prior to use, considering 

incubation at 37°C or 28 °C, in comparison to the incubation of insect/mammalian 

cells in 10% DMSO, utilised as a negative, unreactive modification control as 

experimental NAI is resuspended in 10% DMSO. An optimal incubation time of 15 

minutes allowed for the modification of total RNA and minimised the cellular toxicity 

caused by DMSO which prevented the extraction of high quality total RNA. We 

determined optimal NAI activity following a 15-minute incubation period, at either 

37 or 28 °C, utilising in vitro transcribed DENV RNA following RNA extraction, 

reverse transcription and analysis using QuSHAPE (Karabiber et al., 2013) (Fig. 

70, QuSHAPE pipeline described in section 4.2.1).  

 

Figure 70 The activity of NAI: 

NAI reactivity chromatograms analysed using QuSHAPE (Karabiber et al., 2013). The red 
chromatogram corresponds to NAI treated RNA, the blue chromatogram corresponds to 
DMSO treated RNA. 



177 

 

5.2.1.2 Extraction of total RNA from stably expressing DENV HEK293T 

replicon cells 

Successful SHAPE experimentation is reliant on high quality RNA for structural 

analysis. Firstly, DENV-2 replicon RNA was transfected into HEK293T cells and 

maintained under puromycin selection (Fig.  71). The stable expression of GFP 

was confirmed via fluorescent microscopy analysis and DENV non-structural 

protein expression analysed by RT-PCR (Figs  71 and 76).  

 

 

 

Figure 71 Confirmation of the stable expression of DENV-2 non-structural proteins:  

A) DENV-2 sub-genomic replicon map. Clone kindly provided by Dr. Andrew Davidson 
(University of Bristol). B) Confirmation of GFP expression under puromycin selection and 
therefore the establishment of stably expressing DENV-2 HEK293T replicon cells. Imaged 
with Incucyte® 
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Stably expressing DENV HEK293T replicon cells were treated with NAI or DMSO 

and total RNA extracted. The quality of total extracted RNA was visually confirmed 

by denaturing MOPS agarose gel electrophoresis. As seen in figure 72, the 

extracted RNA was of high quality since the 18S and 28S ribosomal subunits were 

clearly detected without evidence of degradation. 

 

Figure 72 Quality analysis of total RNA extracted from stably expressing DENV 
HEK293T cells:  

Total RNA analysed via denaturing MOPS agarose gel electrophoresis in comparison to 
a Millennium RNA size ladder (Ambion). Intact 28S and 18S ribosomal subunits are 
visualised. 

 

5.2.1.3 The culture of infectious DENV-2 and use in Intracellular SHAPE 

Infectious DENV-2 was produced following transfection into BHK-21 cells and 

further expansion in C6/36 cells for 1 week before determination of viral titre via 

plaque assay (Fig.  73A). For intracellular SHAPE, we infected 70% confluent T175 

flasks of BHK-21 or C6/36 cells with an MOI of 0.0002 for 72 hours prior to total 

RNA extraction (Fig.  73B).  



179 

 

 

A) 

 

 

 

 

 

 

 

 

B) Determination of pfu/ml and MOI: 

Pfu/ml: 

𝟓𝟕

𝟎. 𝟎𝟎𝟏 × 𝟎. 𝟐 𝒎𝒍
= 𝟐. 𝟖𝟓 × 𝟏𝟎𝟔 

MOI: 

𝟎. 𝟎𝟎𝟏𝟓 × 𝟐𝟖𝟓𝟎𝟎𝟎𝟎

𝟏𝟖𝟒𝟎𝟎𝟎𝟎
 = 𝟎. 𝟎𝟎𝟎𝟐 

 

 

 

Figure 73 DENV-2 plaque assay - pfu and MOI calculations:  

A) DENV-2 plaque assay in 6 well format conducted using BHK-21 cells. DENV-2 was 
titred following the infection of C6/36 cells for dilutions labelled accordingly. Mock refers 
to an uninfected negative control. B) Pfu/ml and MOI calculations. 
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5.2.1.4 Optimisation of DENV infection time for intracellular SHAPE 

analysis 

It was critical to establish a suitable DENV infection time frame, prior to SHAPE 

reagent treatment and total RNA extraction, allowing time for the establishment of 

infection but before mammalian host cell death, resulting in the inability to extract 

intact total RNA. This was more of a consideration in mammalian cells than insect 

cells, where DENV can establish a persistent infection with no apparent cytopathic 

effect. We therefore sought to determine the optimal time-frame for DENV 

infection, prior to induction of cytopathic effect in mammalian cells, whereby viral 

proteins could be detected. It was determined, following time-course infection 

experimentation and analysis by western blot of the presence of DENV-2 NS5 in 

comparison to the host cellular control of β-Actin, that the optimal time-frame for 

infection prior to RNA extraction was 72 hours (Fig.  74). This time-frame was 

therefore used throughout intracellular SHAPE experimentation using infectious 

DENV-2.  

 

 

Figure 74 Western blot analysis of DENV-2 infection time-course for optimisation of 
Intracellular SHAPE: 

BHK-21 cells were infected with DENV-2 and lysed at 24, 48 and 72 hours post-infection. 
Since DENV-2 NS5 could be sufficiently detected at 72 hours, this time frame was used 
for intracellular SHAPE experimentation. DENV-2 NS5 is 100 kDa and the house keeping 
gene β-Actin is 42 kDa. The negative control (-ve) refers to un-infected BHK-21 cells.   

 



181 

 

5.2.1.5 Extraction of high quality total RNA following viral infection of 

mammalian and insect cells 

As previously discussed, SHAPE experimentation is reliant on high quality RNA. 

Therefore, it was critical that high quality total RNA was extracted following virus 

infection of both mammalian and insect cells, BHK-21 and C6/36 cells, 

respectively. The extracted total RNA was analysed using denaturing MOPS 

agarose gel electrophoresis to confirm quality (Fig.  75). As seen in Figure 75 A, 

the mammalian extracted RNA was of high-quality since the 18S and 28S 

ribosomal subunits were clearly detected without evidence of degradation. 

Additionally, total RNA extracted from insect cells displayed a typical ribosomal 

RNA profile whereby heat denaturation causes the 28S subunit to migrate 

alongside the 18S subunit due to heat scission of the 28S subunit (Winnebeck, 

Millar and Warman, 2010). Therefore, total RNA extracted from insect cells was 

intact and viable for experimental use due to the clear presence of the undegraded 

18S subunit (Fig.  75B). 

 

Figure 75 Quality analysis of total RNA extracted from DENV infected BHK-21 and 
C6/36 cells: 

Total RNA analysed via denaturing MOPS agarose gel electrophoresis in comparison to 
a Millennium RNA size ladder (Ambion). A) Total RNA extracted from DENV-2 infected 
mammalian BHK-21 cells. Intact 28S and 18S ribosomal subunits are visualised. B) Total 
RNA extracted from DENV-2 infected mosquito C6/36 cells and intact 18S ribosomal 
subunits are visualised.  
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5.2.1.6 Confirmation of DENV protein expression following total RNA 

extraction  

Following total RNA extraction, DENV infection or stable expression of DENV-2 

non-structural proteins, the presence of viral proteins was assessed via RT-PCR 

amplification of the DENV NS3 genome region. Cellular lysate was analysed for 

the presence DENV NS5 by western blot. The action further confirmed active 

DENV replication in mammalian and insect cells. Following confirmation, the total 

RNA extracted was therefore viable for intracellular SHAPE analysis (Figs. 76 and 

77). 

 

 

 

Figure 76 Confirmation of DENV infection and the stable expression of DENV-2 non-
structural proteins in mammalian cells via RT-PCR and western blot: 

A) RT-PCR amplification of DENV-NS3 following infection of BHK-21 cells with DENV in 
comparison to un-infected BHK-21s and RT-PCR amplification of DENV-NS3 following 
the stable expression of DENV non-structural proteins in HEK293T cells in comparison to 
naïve HEK293T cells. The DENV-2 NS3 amplicon is 1.8 kb. Size confirmed in comparison 
to a exACTGene 1 Kb DNA ladder (Fisher). B) DENV-2 NS5 Western blot of PLB lysates 
following the stable expression of DENV non-structural proteins in HEK293T cells in 
comparison to naïve HEK293T cells and DENV infection of BHK-21 cells in comparison to 
naïve BHK-21 cells. Equal amounts of protein were loaded. DENV-2 NS5 is 100 kDa. Size 
confirmed in comparison to a Colour protein standard, broad range ladder (NEB). 
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Figure 77 Confirmation of DENV infection of C6/36 cells via RT-PCR and western 
blot:  

A) RT-PCR amplification of DENV-2 NS3 following DENV infection of C6/36 cells. DENV-
2 NS3 is 1.8 Kb. Size confirmed in comparison to a exACTgene 1 kb DNA size ladder. B) 
Western blot analysis of DENV-2 NS5 following DENV infection of C6/36 cells in 
comparison to un-infected C6/36 cells. Size confirmed in comparison to a Colour protein 
standard, broad range ladder (NEB). DENV-2 NS5 is 100 kDa. 

 

5.2.1.7 Cellular fractionation, membrane enrichment and total RNA 

extraction 

Stably expressing DENV HEK293T replicon cells were treated with NAI SHAPE 

reagent, fractionated and total RNA was extracted from the isolated membrane 

fraction enriched for active viral replication complexes. The efficacy of the cellular 

fractionation protocol was analysed using western blot via the identification of 

DENV NS5 and the nuclear porin protein NUP98 (Fig.  78A). As seen in figure 78A, 

the cellular fractionation was successful as indicated by the enrichment of DENV-

2 NS5 in the membrane fraction and NUP98 in the nuclear fraction. However, due 

to the fact that cellular fractionation is an enrichment process and not a purification 

procedure a low level of DENV-2 NS5 was detected in the nuclear and cytoplasmic 

fractions as well as low level NUP98 detected in the membrane fraction (Fig.  78A). 
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Additionally, total RNA extracted from the membrane fraction was analysed for 

quality using denaturing MOPS agarose gel electrophoresis (Fig. 78B). As seen in 

figure 78B, the extracted RNA was of high-quality since the 18S and 28S ribosomal 

subunits were clearly detected without evidence of degradation.  

 

 

 

 

 

 

Figure 78 Confirmation of the cellular fractionation of stably expressing DENV 
HEK293T replicon cells and analysis of total RNA extracted from the membrane 
fraction: 

A) DENV-2 NS5 western blot analysis of the cellular fractionation of stably expressing 
DENV HEK293T replicon cells. DENV-NS5 is 100 kDa, NUP98 is 98 kDa. B) Quality 
analysis of total RNA extracted from the membrane fraction of stably expressing DENV 
HEK293T cells intact 28S and 18S ribosomal subunits are visualised.  
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5.2.1.8 The execution of Intracellular SHAPE  

The optimised protocol for intracellular SHAPE, including both intracellular SHAPE 

conducted on total viral RNA and intracellular SHAPE conducted on membrane 

fractions enriched for active viral replication complexes, is described in figure 79. 

In brief, cells are treated in culture with NAI, a SHAPE reagent analogous to NMIA. 

SHAPE fragment analysis was conducted using capillary electrophoresis by DNA 

sequencing and services, Dundee University. Data analysis was carried out using 

QuSHAPE (Karabiber et al., 2013). The QuSHAPE pipeline is further described in 

section 4.2.1. Structural predictions were carried out via reactivity overlay (as 

described in section 4.2.1) or by utilising RNAstructure (Reuter and Mathews, 

2010) whereby SHAPE reactivities were read as a soft pseudo free energy 

constraint to produce an RNA secondary structure based on the experimental data 

(example thermodynamic predictions can be viewed in Appendix II). As described 

in section 4.2.2 the linear or circular conformation of viral RNA examined was 

deduced using specific structural motifs diagnostic of either form.  

 

 

Figure 79 The optimised Intracellular SHAPE protocol: 

1) Stably expressing DENV HEK293T replicon cells or DENV infected BHK-21 or C6/36 
cells are cultured. 2) The cultured cells are NAI or DMSO treated. 3) Stably expressing 
DENV HEK293T cells are fractionated and the membrane fraction isolated. 4) Total RNA 
is extracted from cultured cells or from the isolated membrane fraction of stably expressing 
DENV HEK293T replicon cells. 5 and 6) Primer extension and reverse transcription is 
conducted on DENV genomic RNA producing a pool of cDNA fragments corresponding to 
NAI adduct formation. 7 and 8) the cDNA pool is analysed by fluorescent capillary 
electrophoresis and RNA structure determined using QuSHAPE and the visualisation 
applet VARNA (Karabiber et al., 2013). 
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5.2.2 Intracellular SHAPE conducted on stably expressing DENV 

HEK293T replicon cells  

To date and to our knowledge, intracellular SHAPE mapping has not been 

performed, analysing the effect of active viral replication on DENV RNA structure, 

focusing on the 5ˊ extremity of DENV RNA in the context of the DENV replicon. 

We determined the structure of DENV RNA following NAI treatment and total RNA 

extraction from HEK293T cells stably expressing the DENV replicon. We 

completed this experimentation in the aim of further deducing the molecular 

mechanisms behind genomic conformational change during active viral replication. 

We compared our findings to the structure of full-length replicon in vitro transcribed 

RNA in the absence of trans-activating factors determined by in vitro SHAPE 

mapping thereby interrogating the observed structural differences between in vitro 

and intracellular SHAPE mapping. 

In figure 80, the normalised nucleotide reactivities to NAI/NMIA are compared, in 

the context of the full-length DENV replicon transcript, before being overlaid onto 

the predicted structure of the DENV-2 5ˊextremity RNA at 37 °C 

In vitro SHAPE mapping of full-length DENV replicon RNA revealed DENV 

genomic RNA to be in the linear conformation, as determined by a NMIA reactive 

top-loop of SLB, indicating the presence of the stem-loop structure and a reactive 

5ˊ CS (Fig.  80). The structure of cHP was determined to be relatively stable as 

indicated by the presence of a reactive top-loop but a predominantly base-paired 

stem therefore indicating the presence of this structure. The UFS, at the base of 

SLB was not present as displayed by the base of SLB displaying high-reactivity to 

NMIA and indicating this region to be predominantly single-stranded.  

Similarly, intracellular SHAPE mapping of full-length DENV replicon RNA also 

indicated the DENV genome to be in the linear conformation, indicated by a NAI 

reactive top-loop of SLB and a reactive 5ˊ CS (Fig.  80). During active replication, 

in the context of the DENV replicon the cHP is more un-stable as indicated by 

nucleotides in the stem of the structure becoming more accessible to NAI. 

However, the UFS is observed for the first time to stabilise, as displayed by a 

reduced reactivity to NAI at the base of SLB indicating this structure to be present 

and stable in the context of active viral replication.  
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Critically, during active viral replication, in the context of stably expressing 

HEK293T replicon cells we observed a stable UFS for the first time, not observed 

using in vitro SHAPE mapping. Therefore, we sought to map the structure of DENV 

5ˊ extremity RNA during DENV infection.  
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Figure 80 In vitro vs intracellular SHAPE mapping normalised NMIA/NAI reactivities 
corresponding to full-length DENV replicon RNA at mammalian physiological 
temperature: 

A) NMIA/NAI reactivities corresponding to the full-length replicon transcript as determined 
by in vitro SHAPE and as determined by intracellular SHAPE are shown in blue and red 
respectively. The dashed line corresponds to a NMIA reactivity of 0.2. Reactivities above 
this line are partially reactive and above 0.5 are highly reactive to NMIA and therefore 
single-stranded. Nucleotide positions of RNA structures and cyclisation sequences are 
indicated. B) Full-length replicon NMIA reactivities overlaid onto the first 145 nts of DENV-
2 genomic RNA. C) Full-length replicon NAI reactivities overlaid onto the first 145 nts of 
DENV-2 genomic RNA. Overlays of NMIA/ NAI reactivities conducted using VARNA. 
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5.2.3 Intracellular SHAPE conducted on DENV infected cells of 

mammalian origin 

To date and to our knowledge, the structure of the 5ˊ extremity of DENV genomic 

RNA has not been determined utilising intracellular SHAPE mapping following 

DENV infection, considering the mammalian host environment. We therefore 

determined the structure of DENV genomic RNA following the infection of BHK-21 

cells with DENV-2. The determined viral RNA structure was compared to the RNA 

structural predictions made utilising in vitro SHAPE mapping of full-length DENV 

genomic RNA in the absence of trans-activating factors therefore acting to aid our 

understanding of DENV RNA structural requirements during active viral replication.  

In figure 81, the normalised nucleotide reactivities to NAI/NMIA are compared, in 

the context of the full-length infectious DENV genomic transcript, before being 

overlaid onto the predicted structure of the DENV-2 5ˊextremity RNA at 37 °C.  

As previously discussed in section 4.2.3, the addition of trans-activating factors in 

vitro, in the context of the full-length infectious DENV genome, does not result in 

DENV genomic cyclisation but is hypothesised to prepare the viral RNA for 

genomic cyclisation, and therefore viral replication, via the modulation of cis-acting 

RNA structures such as SLB and cHP. The UFS is unstable in vitro in the context 

of the DENV full-length genome and therefore the addition of trans-activating 

factors does not induce the linear to circular conformational switch. 

Intracellular SHAPE mapping of DENV-2 RNA structure following DENV infection 

of BHK-21 cells has determined the viral genome to be predominantly in the linear 

conformation (Fig. 81). The linear conformation was determined due to the 

reactivity profile displayed by both the top-loop of SLB and the 5ˊCS as reactive to 

NAI and therefore single-stranded. The cHP structure is inherently unstable as 

indicated by nucleotides corresponding to the base of the stem predicted to be 

single-stranded and therefore the structure ceases to form in this context. The UFS 

stabilises in the context of DENV infection as indicated by reduced accessibility of 

nucleotides within this region, displaying a low reactivity profile and are therefore 

inferred to be base-paired indicating the presence of the structure in the context of 

active viral replication (Fig. 81). 
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Figure 81 In vitro vs intracellular SHAPE mapping normalised NMIA/NAI reactivities 
corresponding to full-length DENV RNA at mammalian physiological temperature: 

A) NMIA/NAI reactivities corresponding to the full-length (FL) infectious transcript as 
determined by in vitro SHAPE and as determined by intracellular SHAPE are shown in 
blue and red respectively. The dashed line corresponds to a NMIA reactivity of 0.2. 
Reactivities above this line are partially reactive and above 0.5 are highly reactive to NMIA 
and therefore single-stranded. Nucleotide positions of RNA structures and cyclisation 
sequences are indicated. B) Full-length infectious NMIA reactivities overlaid onto the first 
145 nts of DENV-2 genomic RNA. C) Full-length replicon NAI reactivities overlaid onto the 
first 145 nts of DENV-2 genomic RNA. Overlays of NMIA/ NAI reactivities conducted using 
VARNA. 
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5.2.4 Intracellular SHAPE conducted on DENV infected cells of insect 

origin 

DENV cycles between mammalian and insect hosts and therefore must adapt 

rapidly to each environment to establish a robust infection. In contrast to humans, 

DENV infection of mosquito cells leads to a persistent infection without apparent 

cytopathic effect. Additionally, previous work has identified differential RNA 

sequence requirements for DENV replication between mosquito and human cells 

(Villordo and Gamarnik, 2013). However, the mechanistic basis of this host 

adaptation is not fully understood at the RNA structural level. We therefore sought 

to analyse the structure of the DENV-2 5ˊ extremity RNA at 28°C (insect 

physiological temperature). We determined the structure of DENV genomic RNA 

following the infection of C6/36 cells with DENV-2. The determined viral RNA 

structure was compared to the RNA structural predictions made utilising in vitro 

SHAPE mapping of full-length DENV genomic RNA in the absence of trans-

activating factors to further underpin the mechanisms behind the linear to circular 

genomic switch during DENV infection of insect cells 

In figure 82, the normalised nucleotide reactivities to NAI/NMIA are compared, in 

the context of the full-length infectious DENV genomic transcript, before being 

overlaid onto the predicted structure of the DENV-2 5ˊextremity RNA at 28 °C. 

As previously discussed in section 4.2.6, our in vitro SHAPE mapping at insect 

physiological temperature in the context of the full-length genome in the absence 

of DENV-2 RdRp revealed the genomic structure of DENV-2 RNA to be 

predominantly in the linear conformation. Following the addition of the trans-

activating factor DENV-2 RdRp, the genome remains in the linear conformation as 

was indicated by the same characteristic structural motifs indicative of the linear 

genomic conformation. The UFS also remained de-stabilized in the presence of 

DENV-2 RdRp. However, the cHP structure stabilised. 

Taking these findings into account we mapped the structure of DENV genomic 

RNA following DENV infection of C6/36 cells therefore determining the structure of 

viral RNA during active viral replication. We determined the extracted DENV RNA 

to be predominantly in the linear conformation, as indicated by a NAI reactivity 

profile indicating the top-loop of SLB and the 5ˊCS to be single-stranded (Fig. 82). 
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During active viral replication the structure of cHP is unmaintained, as indicated by 

a NAI reactivity profile corresponding to the increased reactivity of nucleotides 

comprising the base of cHP indicating this region to be predominantly single-

stranded and therefore the unfolding of the structure. During active viral replication 

the top of SLB is modified, indicating the partial melting of this structure. However, 

the UFS at the base of SLB appears to stabilise indicating the presence of this 

structure during active viral replication (Fig. 82). 
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Figure 82 In vitro vs intracellular SHAPE mapping normalised NMIA/NAI reactivities 
corresponding to full-length DENV RNA at insect physiological temperature: 

A) NMIA/NAI reactivities corresponding to the full-length infectious transcript as 
determined by in vitro SHAPE and as determined by intracellular SHAPE are shown in 
blue and red respectively. The dashed line corresponds to a NMIA/NAI reactivity of 0.2. 
Reactivities above this line are partially reactive and above 0.5 are highly reactive and 
therefore single-stranded. Nucleotide positions of RNA structures and cyclisation 
sequences are indicated. B) Full-length infectious NMIA reactivities overlaid onto the first 
145 nts of DENV-2 genomic RNA. C) Full-length replicon NAI reactivities overlaid onto the 
first 145 nts of DENV-2 genomic RNA. Experimentation conducted at 28°C – insect 
physiological temperature. Overlays of NMIA/ NAI reactivities conducted using VARNA. 
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5.2.5 Intracellular SHAPE mapping of fractionated stably expressing 

DENV HEK293T cells - enriched for active viral replication 

complexes 

It is well documented that DENV compartmentalises during its life-cycle, acting to 

modify host cell membrane structures, inducing the formation of double membrane 

vesicles to house the active viral replication complex (Gillespie et al., 2010; Inoue 

and Tsai, 2013). Therefore, we extended our studies to analyse DENV genomic 

RNA structure in an environment conducive towards viral replication. Stably 

expressing DENV HEK293T replicon cells were fractionated, enabling the isolation 

of the membrane fraction. We conducted intracellular SHAPE on viral RNA 

extracted from the membrane fraction, enriched for active viral replication 

complexes in the aim of further deducing RNA structural requirements during viral 

replication and the biological mechanisms behind the linear to circular genomic 

switch.    

In figure 83, the intracellular SHAPE mapping of viral RNA extracted from the 

membrane fraction of stably expressing DENV HEK293T replicon cells is 

described and compared and contrasted with the intracellular SHAPE mapping of 

total RNA extracted from stably expressing DENV HEK293T cells. Firstly, the 

normalized nucleotide reactivities to NAI are displayed and compared to the 

reactivities determined from total DENV RNA structural analysis from DENV stably 

expressing HEK293T replicon cells before being overlaid onto the predicted 

structure of the DENV-2 5ˊextremity RNA at 37 °C. 

The intracellular SHAPE mapping of full-length DENV replicon RNA following total 

RNA extraction is further discussed in section 5.2.2. In brief, the linear 

conformation was determined. Moreover, the cHP structure is inherently unstable. 

Additionally, the UFS stabilizes indicating the presence of the structure in the 

context of active viral replication. 

In contrast, intracellular SHAPE conducted on the isolated membrane fraction has 

predicted substantial genomic structural rearrangements in the 5ˊ extremity DENV 

genomic RNA region of interest (Fig. 83). The structure of SLB is unfolded, as 

indicated by an increased accessibility to NAI displayed by nucleotides 

corresponding to the stem of the structure indicating this region to be 
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predominantly single- stranded. Additionally, the UFS does not form as the 

structure of SLB itself ceases to exist. Moreover, the cHP does not form. The entire 

stem-loop is predicted to be single-stranded as indicated by the increased 

accessibility to NAI displayed by nucleotides corresponding to the stem-loop 

structure.  

We predict, for the first time, to have mapped the DENV-2 RNA genome in the 

circular genomic conformation, the genomic conformation whereby negative sense 

RNA synthesis can occur. The structure of SLB is unfolded and the NAI reactivity 

profile corresponding to nucleotides comprising the 5ˊ CS and 5ˊDAR are reduced, 

inferring the cyclisation sequences to be base-paired. Therefore, the DENV-2 RNA 

structurally interrogated following membrane fraction isolation of stably expressing 

DENV HEK293T replicon cells, is predicted to form the circular DENV genomic 

conformation in an environment conducive for DENV-2 replication. 
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Figure 83 Intracellular SHAPE mapping of total RNA extracted from stably 
expressing DENV HEK293T replicon cells vs Intracellular SHAPE mapping of total 
RNA extracted from the membrane fraction of stably expressing DENV HEK293T 
cells:  

A) The DENV-2 circular genomic form. B) Full-length DENV-2 total RNA extracted from 
stably expressing DENV HEK293T cells. Intracellular SHAPE NAI reactivities overlaid 
onto the first 145 nts of DENV-2 genomic RNA. C) Full-length DENV-2 RNA extracted 
from the membrane fraction of stably expressing DENV HEK293T replicon cells. NAI 
reactivities overlaid onto the first 145 nts of the DENV-2 genomic RNA.  
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5.2.6 Pan-serotype thermodynamic analysis of the DENV-UFS 

Our in vitro and intracellular structural studies have revealed that active replication 

is a fundamental requirement of the structural integrity of the DENV-2 UFS. In line 

with published work, the DENV-2 UFS is inherently unstable in vitro (Liu et al., 

2016). Consequently, we sought to interrogate these observations further, 

analysing the thermodynamics of the DENV-UFS across all four serotypes in the 

aim of analysing why the DENV-2 UFS is so structurally unstable.  

Upon further in silico investigation, utilising Mfold, considering the thermodynamics 

of the DENV-2 UFS in comparison to UFS structures from other DENV serotypes, 

it is evidently the most thermodynamically unstable at both mammalian and insect 

temperatures in the absence of trans-activating factors (Zuker, 2003) (Figs. 84 and 

85). We suggest this is due to the limited number of hydrogen bonds in the UFS 

stem region as evidenced by the comparative thermodynamic details described in 

figures 84 and 85.  

Gibbs free energy (δG) is used to describe the spontaneity of a process and thus 

predict the feasibility of chemical reactions. Reactions with a negative δG occur 

spontaneously without energy input, reactions with a δG of zero are at equilibrium 

and reactions with a positive δG require energy to occur (GM, 2000). The DENV-

2 UFS at both mammalian and insect physiological temperature has a δG closest 

to zero, indicating more energy is required for the structure to form in comparison 

to the same structure utilised by the other serotypes. We predict this information is 

reflected in our in vitro experimental results and that the DENV-2 UFS ceases to 

form in this context due to its fundamental instability, which cannot be rescued by 

the addition of trans-activating factors during in vitro SHAPE experimentation. 

However, in the intracellular environment, trans-activating factors act to stabilise 

the DENV-2 UFS and it is only in this environment, during active replication, that 

the UFS stabilises.  
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Figure 84 Thermodynamic structural predictions of serotype specific DENV SLB at 

mammlian physiological temperature:  

Thermodynamic analysis conducted using MFold (Zuker, 2003). 
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Figure 85 Thermodynamic structural predictions of serotype specific DENV SLB at 
insect physiological temperature: 

Thermodynamic analysis conducted using MFold (Zuker, 2003). 
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5.3 Discussion 

5.3.1 The linear genomic conformation and the DENV-2 UFS 

It has been proposed that a highly conserved, conformation tuneable, cis-acting 

element termed the 5ˊUAR flanking stem (UFS), at the base of SLB, controls viral 

replication via regulating the binding of the RdRp to SLA. Stabilisation of the UFS 

is proposed to impair genomic cyclisation and therefore inhibit the transfer of 

DENV-2 RdRp to the 3ˊSL, promoting the linear genomic state and preventing viral 

replication. Genomic cyclisation unwinds SLB and consequently the UFS resulting 

in DENV-2 RdRp losing its affinity for SLA and promoting the transfer to the 3ˊSL, 

initiating viral replication. Nevertheless, it is suggested that the DENV-2 UFS is 

inherently unstable, as determined by in vitro SHAPE mapping and 

thermodynamically (section 5.2.6) (Liu et al., 2016).   

Our in vitro studies, discussed in Chapter 4, analysing the 5ˊ 500 nt transcript 

alongside the full-length DENV-2 transcript in the absence of trans-activating 

factors, agreed with published experiments that the DENV-2 UFS was unstable in 

this context. However, upon the addition of trans-activating factors, i.e stably 

expressing DENV HEK293T replicon cellular extract or DENV-2 RdRp, it’s level of 

instability remained largely the same, thus indicating that neither the cellular 

extract or the RdRp alone could act to stabilise the UFS in vitro.  

In contrast, intracellular SHAPE analysis conducted following DENV infection on 

total extracted RNA, in the context of active viral replication, at both insect and 

mammalian physiological temperature revealed a stable DENV-2 UFS for the first 

time. The intracellular environment is therefore predicted to be critical to the 

stabilisation of the DENV-2 UFS. We hypothesise that the linear genomic RNA 

form is the predominant structural form of the DENV genome in the host cell cytosol 

following total RNA extraction. It may be the case that the linear genomic 

conformation dominates within the host cell cytosol as a result of viral and host 

protein factor genomic RNA binding. For example, the interaction of DENV 

genomic RNA with host cell translational machinery may favour the linear 

conformation for efficient translation. Additionally, virus encapsidation is one of the 

most understudied steps of the Flavivirus replication cycle. For example, it is very 

much unclear how the capsid protein recruits the viral genome for assembly and 
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release (Samsa et al., 2009). It may well be the case that a certain genomic 

conformation is required for efficient viral encapsidation and could consequently 

be the reason why the linear genomic form predominates during our intracellular 

studies. A specific genomic conformation has previously been shown to be 

required for retroviral encapsidation (Huthoff and Berkhout, 2001; D’Souza and 

Summers, 2004).To study genomic structural requirements for DENV replication, 

techniques such as Isothermal Titration Calorimetry or Nuclear Magnetic 

Resonance could be utilised to analyse the binding of DENV proteins critical to 

encapsidation, such as the Capsid protein, to either the linear or circular genomic 

form. 

We further hypothesise that the fundamental instability of DENV-2 RNA is due to 

its increased replication kinetics and the possible interaction with host and viral 

protein factors is why the linear genomic conformation of the DENV genome is the 

predominant conformational form in the host cell cytosol. This may be why we have 

sampled the linear conformation both in vitro and intracellularly following total RNA 

extraction procedures (Sasmono et al., 2015). The linear DENV genomic form may 

be required for viral encapsidation or translation procedures throughout the viral 

life-cycle. The UFS is only able to stabilise in the intracellular context due to the 

presence of trans-activating factors we were not able to replicate in an in vitro 

context.  Furthermore, the presence of a stable UFS aids the binding of the DENV-

2 RdRp to SLA, the first stage in viral replication (Liu et al., 2016).   

5.3.2 Intracellular structural interrogation of DENV cHP 

The cHP sequence is conserved among all Flaviviruses and its presence and 

position are suggested to be critical to efficient translation ribosomal start-codon 

selection. It is suggested that the DENV-2 cHP selects the first AUG proportional 

to its stability and therefore, structural integrity, in a sequence independent manner 

and is required for efficient translation (Clyde and Harris, 2006). However, the 

conservation of cHP and evidence that mutation of the stem loop results in 

replicative disruption implicates this structure to have a role during viral replication, 

far more extensive than efficient translation of the Capsid protein. It is suggested 

that the overall topology of the stem-loop may contribute to the structural integrity 

of the 5ˊ end of DENV genomic RNA, acting to aid the binding of the viral replicase 
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complex or by stabilising the cyclisation interaction between the DENV cyclisation 

sequences and therefore encouraging the formation of the circular DENV genomic 

form, aiding viral replication (Clyde, Barrera and Harris, 2008).  

Both in vitro and intracellularly, we have found the structure of cHP to vary 

considerably, with structural integrity determined as largely unmaintained 

throughout intracellular experimentation and in the context of membrane protein 

enrichment. We hypothesise this is due to the fact that in the intracellular 

environment cHP is required for a multitude of roles and interactions and therefore 

our SHAPE data is sampling these interactions all at one time. Consequently, we 

sought to analyse genomic RNA structure within an enriched membrane fraction 

therefore interrogating genomic RNA within active viral replication complexes. True 

structural integrity may not be required during active viral replication within the 

replication complex, in an environment where translation and therefore ribosomal 

start codon selection is not taking place. Therefore, using DENV-2 we predict there 

is no fundamental requirement for the maintenance of cHP structural integrity in 

the context of active viral replication.  

5.3.3 Interrogation of DENV genomic RNA structure within the 

membrane fraction of stably expressing DENV HEK293T 

replicon cells 

As previously discussed, viruses compartmentalise within the host cell as a 

fundamental requirement of their life-cycle, utilising the host cell to increase 

replication capability and manipulating the immune response. DENV is known to 

induce the formation of double-membrane vesicles from the ER, resulting in the 

formation of the viral replication complex. The site of viral replication is therefore 

restrained to the membrane of the ER (Salonen, Ahola and Kaariainen, 2005; 

Gillespie et al., 2010; Inoue and Tsai, 2013). We chose to exploit this characteristic 

and, by the process of crude cellular fractionation, investigated the structure of viral 

RNA in the membrane protein fraction of stably expressing DENV HEK293T 

replicon cells, enriched for active viral replication complexes.  

Our structural analysis of viral RNA within the membrane fraction has revealed, for 

the first time, the full-length replicon DENV-2 genomic RNA to be predominantly in 

the circular genomic conformation, as indicated by the complete loss of the 
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structural integrity of SLB and the reduced reactivity of the 5ˊ DAR and 5ˊCS – 

structural motifs for the determination of genomic conformation. Therefore, within 

the membrane fraction, enriched for active viral replication complexes, the 

predominant form of DENV-2 RNA is circular, the genomic conformation required 

for negative-sense RNA synthesis and DENV replication. This observation has led 

us to further disprove the theory of concatermisation or homoduplex formation of 

the DENV genome as neither of the forms could be present. This is evidenced as 

in the concatemeric conformation the SLB structure is maintained. Additionally, the 

homoduplex displays a degree of flexibility seen in the 5ˊ end of the genome that 

is not seen in the formation of the circular complex and which we have not 

observed.  

Although we have successfully investigated the structure of DENV viral RNA within 

the membrane fraction of stably expressing DENV HEK293T cells and sampled 

the cyclic genomic form, further experimental repeats are required to strengthen 

our findings. To further broaden our experimental capabilities, experiments have 

yet to be optimised to interrogate viral RNA structure within the membrane fraction 

of both mammalian and insect cells following DENV-2 infection.  

5.3.4 Limitations of Intracellular SHAPE mapping  

Secondary and tertiary RNA structures are likely to be different within the 

intracellular environment, influenced by an infinite amount of trans-activating 

factors and the host cell environment, for example virus induced 

compartmentalisation, difficult to reproduce in vitro. Therefore, the ability to 

analyse RNA structure intracellularly is of critical importance and it is predicted that 

this field of chemical biology is poised to make a huge impact in the area of RNA 

structural biology (Kubota, Tran and Spitale, 2015). However, despite recent 

advances intracellular SHAPE mapping still carries inherent limitations. 

A major limitation of intracellular SHAPE mapping following total RNA extraction is 

that the SHAPE reagent probing pattern obtained is from an average of structures 

present within the intracellular environment at one time and data analysis therefore 

infers the presence of only one structure within the cell, the average most dominant 

structural form of the RNA of interest. This is an inherent problem that cannot be 

over-come without specific targeting of sub-cellular locations and compartments.  
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Structured RNAs are present in various sub-cellular compartments – viral 

replication complexes being one example. To determine RNA structure 

intracellularly within these compartments, whilst maintaining their activity, probed 

cells must be lysed gently and fractionated. Cellular fractionation is crude, resulting 

in only the enrichment of certain proteins within each fraction, not complete 

purification. To overcome this, for example, an intracellular SHAPE reagent could 

be designed which localised solely to the viral replication complex acting to 

exclusively modify RNA within this location. Localising reagents are prevalent, for 

example Triphenylphosphonium salts have been shown to localise to the 

mitochondrial matrix and therefore could be utilised in the understanding of the 

mitochondrial transcriptome (Panja, Schu and Woodson, 2013). This characteristic 

could be translated to the intracellular RNA structural probing of viral replication 

complexes, replacing cellular fractionation, in the examination of viral RNA 

structural requirements in a truly selective context.  

SHAPE probing reagents have been primarily designed to measure RNA 

secondary structure and therefore do not truly take into account the tertiary 

structure of RNA, for example, long-range base-pairing and the formation of 

pseudoknots and dumbbell structures, known to be important for regulating RNA 

function, exemplified by DENV replication and the genomic switch between the 

circular and linear form during viral replication. This limitation could be overcome 

by focusing on the development of RNA structure prediction programs that account 

for long-distance or three-dimensional RNA-RNA contacts. Recently, one such 

method that has been devised is crosslinking, ligation and sequencing of hybrids 

or CLASH (Kudla et al., 2011). Using this technique RNA is irradiated causing the 

formation of RNA-RNA cross-links which, following sequencing, have identified 

RNA-RNA crosslinks that can be separated by great lengths of primary sequence. 

This technique could be utilised in intracellular mapping. Cultured cells could be 

irradiated and probed, fractionated if required, and RNA structure interrogated. 

This would act to bring intracellular structural probing into three dimensions, vital 

to truly understanding the influence of RNA structure.  
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Chapter 6 General discussion 
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Flavivirus replication strategy demands further understanding at the molecular 

level. Identifying and interrogating the role of significant protein/RNA interactions 

during the DENV life-cycle could unlock potential strategies for anti-viral therapies, 

desperately needed in the treatment of DENV infection, translatable throughout 

the conserved Flavivirus family, and therefore the focus of our studies.  

Chapter 3 presents the successful expression, purification, activity determination 

and first molecular structure of DENV-2 RdRp (unbound to RNA) – using X-ray 

crystallography solved by molecular replacement to a resolution of ~ 2.2 Å. The 

molecular structure revealed a typical right-hand viral polymerase in the RNA 

unbound “closed” pre-initiation state conformation with the priming loop extending 

towards the active site of the protein. This is a novel DENV serotype structure, 

increasing our knowledge of serotype specific DENV RdRps which bare 

approximately 70% amino-acid sequence homology, and improving our structural 

knowledge of the protein – critical for structure directed direct acting anti-viral 

development.  

As discussed in detail in Chapter 1, DENV-2 RdRp binding to SLA RNA is a 

fundamental protein/RNA interaction within the DENV life-cycle. SLA is the 

5ˊpromoter of negative-sense RNA synthesis, acting to transfer the RdRp, via 

genomic cyclisation to the 3ˊSL to initiate negative-sense RNA synthesis. It is 

suggested that the “closed conformation” of the RdRp, prior to RNA binding, forms 

a pre-initiation conformation with an RNA tunnel within the protein that is too small 

to accommodate the growing double-stranded RNA intermediate during negative-

sense RNA synthesis. In the “closed conformation” the priming loop of the 

polymerase extends towards the active site of the RdRp but must change 

conformation during extension to move away from the active site to stabilise and 

accommodate the nascent RNA chain (Fig. 86). Nevertheless, it is predicted that 

these structural movements occur, yet, for DENV, these changes have yet to be 

interrogated at the structural level and was therefore a major experimental focus. 

 

 

 



211 

 

 

 

 

 

 

 



212 

 

Figure 86 Proposed structural model of the transition of the DENV RdRp from the 
“closed” to the “open” conformation during the initiation of DENV replication: 

Schematic representation of the proposed DENV-RdRp conformational changes during 
replication initiation. The DENV-2 RdRp was solved by molecular replacement to a 
resolution of 2.2 Å. A) DENV-2 RdRp in the ‘closed’ pre- initiation conformation with the 
priming loop extended towards the active site of the protein and an RNA entry tunnel too 
small to accommodate the double-stranded replicative intermediate. B) By homology to 
another member of the Flaviviridae family HCV NS5B RdRp in the open elongation 
conformation we propose a model of the DENV-2 RdRp in the ‘open’ elongation 
conformation following binding to SLA promoter RNA via the thumb subdomain. The 
priming loop retracts away from the active site of the protein. The Fingers domain is 
suggested to outwardly rotate to widen the RNA entry tunnel which can then accommodate 
the double-stranded replicative intermediate. (Appleby et al., 2015).  
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Following determination of the crystal structure of RNA unbound DENV-2 RdRp 

SLA RNA co-crystallisation studies were attempted to determine the crystal 

structure of DENV-2 RdRp bound to SLA RNA utilising a range of co-crystallisation 

approaches. Despite multiple attempts, the resultant crystals either did not diffract 

or diffracted poorly with electron density corresponding to the “closed 

conformation” of the protein and therefore unbound to RNA.  

The HCV RdRp NS5B is the only member of the Flaviviridae family to be 

successfully structurally interrogated in this manner bound to RNA, following years 

of work yielding initiation state ‘open conformation’ RdRp crystal structures which 

are being used to more accurately target HCV replication in the development of 

direct acting antivirals against HCV infection (Appleby et al., 2015). Our considered 

co-crystallisation and soaking experiments were applicable, relevant approaches, 

however the protocols and strategies used in the determination of HCV RdRp 

replicative initiation structures could be translated to the study of DENV-2 RdRp 

with the aim of interrogating this vital stage in the DENV replicative cycle. Future 

work could include:  

1. Select a DENV-2 genotype or mutant that displays increased RNA 

processivity and RNA binding kinetics. 

2. Utilise a conformation stabilisation strategy whereby DENV NS5 resistance 

is produced in culture to a nucleoside analogue. Following sequencing, the 

resistant mutant could be cloned and expressed from a suitable expression 

construct. 

3. Utilise nucleotide di-phosphates to stall DENV RdRp. 

4. Optimise ionic concentrations, such as Mn2+, to lower the Michaelis constant 

(km) of the initiating nucleotide - acting to stabilise the RdRp/RNA complex. 

5. Perform X-ray crystallography and structurally interrogate a DENV RdRp 

domain which has stabilised a specific conformational state along the 

initiation pathway. 

Despite the fact that this study was not able to obtain a high-resolution crystal 

structure of the DENV-2 RdRp in an initiation state ‘open conformation’, a high-

resolution crystal structure of a DENV-2 RdRp domain was solved which, to our 
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knowledge, has not been previously published and further increases our structural 

knowledge of the DENV replicative process. 

Aside from the structural interrogation of the DENV-2 RdRp, much of our 

experimental investigations focussed on the mechanistic and structural function of 

the linear to circular genomic switch utilising full-length DENV genomic RNA 

templates in the context of DENV replication. We utilised novel in vitro SHAPE 

mapping approaches and optimised intracellular SHAPE mapping during active 

virus replication – a novel and previously unpublished approach for the analysis of 

DENV RNA structure. Unlike the technique of intracellular SHAPE utilised to 

interrogate the structure of non-replicating foot-and-mouth disease virus RNA 

transcripts or in virion intracellular SHAPE utilised, for example, to interrogate the 

structure of full-length poliovirus, we have developed a method that functions to 

interrogate viral RNA structure within the host cell during active viral replication, a 

true methodology development in the virology field. 

Firstly, we utilised the technique of in vitro SHAPE mapping to examine any 

structural changes to the first 145 nts of DENV genomic RNA in the absence and 

presence of trans-activating factors at both mosquito and mammalian physiological 

temperature. Our findings, summarised in figure 87, subsequently led us to 

hypothesise that in vitro: 

1. Full-length DENV genomic RNA does not form the circular genomic 

conformation in vitro and the presence of trans-activating factors is not 

sufficient to induce cyclisation. 

2. The DENV-2 UFS does not form in the absence of intracellular conditions 

and trans-activating factors alone are not sufficient to stabilise its formation. 

3. Viral and/or cellular trans-activating factors prepare DENV genomic RNA 

for cyclisation (a critical first stage in the initiation of DENV genome 

replication) via the destabilisation of downstream cis-acting RNA stem-

loops. 
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Figure 87 A schematic of in vitro SHAPE findings at both mammalian and insect 
physiological temperature and proposed RNA structural hypothesis: 

A) A schematic representation of the structure of the first 145 nts of DENV genomic RNA 
in the absence of trans-activating factors. Without trans-activating factors the DENV 
genome is in the linear form, indicated by the presence of SLB and cyclisation sequences 
reactive to NMIA. In the absence of trans-activating factors the DENV genome is not 
conformationally prepared for replication and the UFS does not form. B) A schematic 
representation of the structure of the first 145 nts of DENV genomic RNA in the presence 
of trans-activating factors (DENV RdRp and stably expressing DENV HEK293T replicon 
cell extract). Interactions with trans-activating factors destabilise local RNA structures, a 
prerequisite for genome cyclisation. Consequently, we hypothesise that the trans-
activating factor destabilisation of local RNA structures observed is an early mechanism 
involved in the initiation of negative-sense replication. Despite structurally preparing the 
genome, the addition of trans-activating factors is not sufficient to induce the linear to 
circular genomic switch or vice-versa. UAR = Upstream of AUG region, DAR = 
Downstream of AUG region and CS = cyclisation sequence.  
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Following the interrogation of DENV RNA structure in vitro in the absence and 

presence of trans-activating factors, we optimised a novel technique utilising 

intracellular SHAPE mapping to investigate the structure of DENV RNA during 

active viral replication. We utilised intracellular SHAPE mapping to analyse the 

structure of total RNA following extraction from DENV-2 sub-genomic replicon 

stably expressing HEK293T cells or following DENV-2 infection of mammalian or 

mosquito cells. Our findings, summarised in figure 88, revealed:  

1. Intracellular SHAPE for the determination of viral RNA structure during 

active viral replication is technically possible. 

2. The linear genomic conformation is the dominant genomic conformation in 

the host cell.  

3. The DENV-2 UFS is stabilised within the cell during active DENV 

replication. 

 

Figure 88 Schematic representation of intracellular DENV RNA structure following 
total RNA extraction: 

Intracellular SHAPE was utilised to interrogate the structure of DENV total RNA extracted 
from actively replicating stably expressing DENV HEK293T replicon cells or DENV-2 
infected mammalian or insect cells. DENV genomic RNA remains in the linear 
conformation, which predominates in the host cell cytosol, indicated by the reactivity of the 
cyclisation sequences to NAI and the presence of the SLB structure. Importantly, the UFS 
structure is formed during active replication. UAR = Upstream of AUG region, DAR = 
Downstream of AUG region and CS = cyclisation sequence.  
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Taking our optimised, validated technique of intracellular SHAPE one step further 

we sought to interrogate the structure of DENV genomic RNA within the replication 

complex during active virus replication, therefore analysing the structure of DENV 

genomic RNA in the true cellular location and environment of DENV genome 

replication. Utilising stably expressing DENV HEK293T replicon cells we 

interrogated DENV RNA structure within the isolated membrane fraction enriched 

for intact, active replication complexes. Our findings, summarised in figure 89, 

revealed: 

1. DENV genomic RNA forms the circular conformation in an environment 

enriched for active replication complexes. 

 

Figure 89 Schematic representation of DENV genomic RNA structure within the 
replication complex: 

A schematic representation of DENV RNA structure within the replication complex (RC) of 
actively replicating, stably expressing DENV HEK293T replicon cells. Within the 
replication complex DENV genomic RNA predominantly forms the circular conformation. 
The 5ˊ and 3ˊ cyclisation sequences hybridise, reducing their reactivity to NAI. The SLB 
structure is unfolded due to the hybridisation of the 5ˊ-ˋ3 UAR. The circular genomic 
conformation allows for negative-sense RNA synthesis and therefore viral replication 
within the replication complex.  UAR = Upstream of AUG region, DAR = Downstream of 
AUG region and CS = cyclisation sequence. ER = Endoplasmic Reticulum, Type I= Type 
I cap. 
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Consequently, taking all in vitro and intracellular experimental evidence into 

account, we therefore hypothesise that the linear form of the genome 

predominates in the host cell cytosol. The linear genomic conformation may 

therefore be required, for example, for genomic translation or encapsidation 

purposes and this conformation may be mediated via genomic RNA interaction 

with host and viral proteins within the cytosol. However, within the replication 

complex the circular form of the genome forms, and it is only in this cellular 

compartment, the true physiological environment of DENV genome replication, 

that full-length DENV genome cyclisation and hence initiation of viral replication 

occurs. This hypothesis is depicted in figure 90. 

 

 

Figure 90 Proposed DENV genomic conformation life-cycle model:  

A hypothesis of the genomic conformations required throughout the DENV life-cycle, 
based on extensive in vitro and intracellular SHAPE mapping data. RC= Replication 
complex, ER = Endoplasmic reticulum, + SS = positive-sense single-stranded, + ve = 
positive-sense.  
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The future direction of this study requires the analysis of DENV RNA structure 

within the membrane fraction of DENV infected mammalian and mosquito cells, 

rather than stably expressing DENV replicon HEK293T cells, to further investigate 

the true physiological environment of a DENV infection and genome replication. 

Following the novel methodologies optimised in the current study, this investigation 

would further elucidate DENV RNA structural requirements during virus infection 

which would likely be conserved across the Flavivirus family, increasing our 

knowledge of DENV infection and our understanding of Flavivirus molecular 

biology as a whole. 

Finally, with the increasingly recognised regulatory role of dynamic RNA structure 

interactions across a range of viral and cellular systems, it is likely that the 

intracellular SHAPE methodologies optimised in the current study will be amenable 

and useful across a wide range of virological and cellular systems. Critically, this 

action would significantly increase our knowledge at the molecular level of a range 

of viruses that pose a significant threat to public health, desperately required in the 

development of direct acting anti-viral therapies.  
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Appendices 

Appendix I 

Buffers 

1 X TAE buffer 

40 mM Tris-Acetate and 1 mM ethylene-diamine-tetraacetic acid (EDTA) 

10 X MOPS 

0.4 M MOPS (pH 7.0), 0.1 M sodium acetate, 0.01 M EDTA (pH 8.0) 

Denaturing sample buffer 

60 mM Tris pH 6.8, 25% (v/v) glycerol, 2% (w/v) SDS, 5% β-mercaptoethanol, 

0.01% (w/v) bromophenol blue 

SDS running buffer 

25 mM Tris, 192 mM glycine, 0.1% (w/v) SDS 

Towbin buffer 

25 mM Tris, 192 mM glycine, 20% (v/v) methanol 

Lysis buffer 

300 mM NaCl; 20 mM Tris- HCl pH 7.5; 0.5% v/v Triton X-100. 1 unit DNase (NEB) 

and a cOmplete Ultra protease inhibitor tablet (Roche). 

Binding buffer 

20 mM Tris- pH 7.5, 300 mM NaCl, 20 mM Imidazole and 1 x tablet protease 

inhibitors (cOmplete, Mini EDTA-free protease inhibitor cocktail (Roche). 

Gel filtration buffer 

300 mM NaCl and 20 mM Tris pH 7.5 

1 X SHAPE folding buffer 

100 mM HEPES pH 8.0, 100 mM NaCl and 10 mM MgCl2 

0.5 X T.E buffer 

5 mM Tris and 0.5 mM EDTA, pH 7.5 
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Buffer D 

(20 mM HEPES pH 7.4, 10 mM KCl, 2mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1 x 

tablet protease inhibitor (cOmplete, Mini EDTA-free protease inhibitor cocktail 

(Roche)) 

TNMg 

(10 mM Tris-HCl (pH 8.0), 10 mM NaCl, 1.5 mM MgCl2, 1 x complete, mini, EDTA-

free protease inhibitor (Roche) and 2 µl (80 U) RNasin Rnase inhibitor (Promega)) 

Stains 

Coomassie stain 

0.25% (w/v) Coomassie brilliant blue R-250, 50% (v/v) methanol and 10% (v/v) 

glacial acetic acid 

De-stain: 

40% (v/v) methanol, 10% (v/v) glacial acetic acid 

Media 

SOC 

autoclaved 2% w/v Tryptone, 0.5% w/v yeast extract, 10 mM NaCl, 2.5 mM KCl 

and sterilized 10 mM MgCl2 and 20 mM glucose 

LB broth 

LB Broth; 10 g tryptone, 10 g NaCl, 5 g yeast extract, autoclaved in 1L ddH20  
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Appendix II 

Example in vitro/ intracellular thermodynamic RNA structural 

predictions  

 

 

Figure 91 In vitro SHAPE thermodynamically predicted RNA structure of full-
length DENV-2 genomic RNA at mammalian physiological temperature in the 
absence of trans-activating factors  

 

 

 

Figure 92 Intracellular SHAPE thermodynamically predicted RNA structure 
of full-length DENV-2 genomic RNA extracted from the membrane fraction of 
stably expressing DENV-2 HEK293T cells at mammalian physiological 
temperature 


