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Abstract

Chikungunya virus (CHIKV) and Zika virus (ZIKV) share a common feature, in that the genomes
of both viruses consists of a single strand of positive sense RNA, which folds into complex
secondary structures. These structures are highly conserved and play essential roles in virus
replication. The Tuplin group previously characterised RNA structures within the 5’ region of
the CHIKV genome, demonstrating that such RNA structures function in a structure
dependent manner. We hypothesised that these functional RNA structures could be
specifically targeted using antisense oligonucleotides, binding in a sequence specific manner
and disrupting key RNA interactions required for efficient virus replication.

A panel of locked nucleic acid (LNA) oligonucleotides was shown to bind specific RNA
structures in the context of a folded CHIKV RNA molecule. Using a range of methods, LNA
oligonucleotides were shown to inhibit virus replication, indicating that RNA elements are
accessible within the CHIKV RNA replication complex. Furthermore, LNA oligonucleotides
were able to inhibit a CHIKV sub-genomic replicon system, indicating that the
oligonucleotides specifically inhibit genome replication.

RNA structural elements within the 5" UTR and adjacent capsid coding region of ZIKV were
modelled using a combination of SHAPE chemistry, thermodynamic predictions and
phylogenetic analysis. ZIKV RNA structure models were generated using both full-length
genomic RNA and truncated RNA molecules at both 37 °C and 28 °C, reflecting both
mammalian and insect body temperatures.

The RNA structural models were used as a basis for reverse genetic analysis of ZIKV RNA
structures and a novel pseudoknot interaction was shown to be essential for efficient ZIKV
replication. RNA structures within the ZIKV genome were specifically targeted using antisense
oligonucleotides, causing impairment of ZIKV replication in both infectious ZIKV and sub-
genomic replicon systems. Together, these results provide a basis for the development
specific antiviral agents targeting CHIKV and ZIKV as no specific agents currently exist.
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Chapter 1 Introduction

1.1.1 General introduction

Arboviruses such as Chikungunya virus (CHIKV) and Zika virus (ZIKV) virus represent a
significant public health concern. In the near future these pathogens are likely to increase in
prevalence, as the disease vectors of their urban infectious cycle (Aedes aegypti and Aedes
albopictus) increase in global distribution, driven by a combination of human movement,
change of land use and climate change [1]. At present, there are no licenced antiviral
therapies or vaccines available for either pathogen and consequently, development of such
agents is a research priority. In order to identify novel therapeutic antiviral targets, it is
essential to improve our knowledge of the CHIKV and ZIKV lifecycles at a molecular level,
including the role played by RNA replication elements (RREs) in virus replication. RNA
structures within the 5" UTR and adjacent nspl coding region of CHIKV have been previously
shown to be critical for virus replication [2] and therefore represent potential targets for
antiviral agents. In addition, RNA structures within the 5’ genome region of ZIKV remain
understudied, but by analogy to related flaviviruses, are likely to play essential roles in virus
replication. Characterisation of these structures will increase our knowledge of factors
required for ZIKV replication and potentially elucidate novel targets for antiviral agents.

1.1.2 RNA interactions

Viral RNA genomes can have a high degree of structural complexity, due to the ability of RNA
molecules to form multiple interactions, and the overall topology of an RNA molecule is
composed of base-paired and single-stranded regions. Base pairing of complementary
sequences causes the formation of RNA duplexes, which represent a major fraction of the
overall RNA structure. Simple RNA elements are composed of a single base paired duplex
stem and a single unpaired apical loop as shown by Fig. 1.1A. More complex structures can
be composed of multiple base paired and unpaired regions as shown by Fig. 1.1C. Single
stranded regions of nucleotides are found between RNA elements, and in terminal loops, as
indicated in Fig. 1.1A. Base pairing mismatches may also result in small single stranded bulges
within base paired RNA structures.

In addition to these secondary structural elements, RNA molecules can also form tertiary
structures, such as pseudoknot interactions (Fig. 1.1B). Pseudoknot interactions occur when
an unpaired region of an RNA element, such as an apical loop, forms a bipartite duplex with
a region outside of the RNA element [3,4]. RNA pseudoknots have a number of functions,
such as -1 ribosomal frameshifting, whereby the ribosome shifts back one nucleotide in order
to transcribe from another reading frame [5]. For example, in order to investigate ribosomal
frame shifting in severe acute respiratory syndrome coronavirus (SARS-CoV), a reporter
system was used, whereby mutant pseudoknot sequences were cloned upstream of a firefly
reporter gene, where the reporter is only expressed if frame shifting occurs. Mutagenesis
disrupting the pseudoknot interaction caused a reduction in frame shifting, relative to WT [6].
In addition, pseudoknot interactions can promote stop codon readthrough. For example, in



murine leukaemia virus, readthrough of a stop codon by 5-10% of ribosomes is required for
expression of the Gag-Pol fusion protein. Mutagenesis to disrupt base pairs in the pseudoknot
resulted in a decrease in stop codon readthrough products compared with truncated
products; a finding demonstrated using in vitro translation assays were products were
visualised using sodium dodecyl-sulphate polyacrylamide gel electrophoresis (SDS-PAGE).
Compensatory mutations, which restore the pseudoknot structure with alternative base
pairing, restored stop codon readthrough to near WT levels [7]. In addition, long range RNA-
RNA interactions can occur throughout an RNA molecule, whereby complementary base
pairing can occur between spatially separated regions of the RNA molecule (Fig. 1.1D). Long
range base pairing occurs within the genomes of flaviviruses and is further discussed in
section 1.3.5.2 [8].

RNA replication elements (RREs), are RNA structures that play functional roles in the virus
lifecycle. The roles of RREs in CHIKV and ZIKV replication are discussed in sections 1.2.5.1 and
1.3.5.1/1.3.5.2 respectively. Briefly, RREs may function by binding to proteins, for example in
ZIKV an RRE termed stem loop A binds to the virus RNA polymerase during RNA replication
[9]. RREs may also function via RNA-RNA interactions, for example complimentary sequences
in the 5’ and 3’ ends of the flavivirus genome interact, resulting in genome cyclisation [8].
RREs also function in the alphavirus lifecycle, for example CHIKV stem loop 165 has been
shown to be essential for efficient virus replication [2]. Identification of RREs within the
genomes of CHIKV and ZIKV both provides insight into the biology of these viruses and
identifies potential targets for antiviral agents



A)

Q)

Single-stranded

terminal loop Base-paired

/ nucleotides

RNA
nucleotide

Single-stranded
nucleotides

B)

- O~ . Pseudoknot base
RN pairing
\ \

D)

Long range base pairing

74

Figure 1.1 Schematic of RNA structural elements.

A) RNA stem loop. Base pairs form a double-stranded helix stem and non-base-paired terminal
nucleotides form a loop. B) RNA pseudoknot base pairing between the terminal loop and
downstream nucleotides. C) Complex RNA structure with multiple base paired and non-base
paired regions. D) Long range RNA-RNA interactions between terminal loops. Figures created
using VARNA.

RNA structures can be investigated using a variety of approaches. RNA helix structures have
been solved using X-ray crystallography. For example, the crystal structure of [U(UA)sA]2
duplex revealed a double helix structure, with major and minor grooves, forming an A type
helix. An A-type helix is a right handed double helix where the major groove is deep and
narrow and the minor groove is wide and shallow [10]. Crystal structure analysis has also been
performed on RNA molecules containing non-Watson-Crick, G-U base pairs. In a 14-mer
sequence RNA, G-U base pairs altered duplex structure compared with an A type helix, with
the greatest effect seen where the guanine of a G-U base pair stacks over a purine of the
opposite strand, which has the effect of increasing the width of the major groove [11].



However, as RNA molecules are often highly structured and dynamic, obtaining RNA crystals
can be very challenging, as crystal formation tends to favour relatively ridged structures, such
as those formed by short RNA sequences. An alternative method for investigating RNA
structure is nuclear magnetic resonance (NMR), which allows more flexible biomolecules to
be resolved at atomic resolution. For example, the structure of the 132 nt Moloney Murine
Leukemia virus conserved RNA double hairpin element, which is required for genome
packaging, has been determined using NMR [12]. NMR also allows the dynamics of
biomolecules to be studied. For example, real time NMR has been used to study conformation
changes in an adenine sensing riboswitch, where the initial riboswitch conformation contains
two protruding stem loops, which fold inwards upon ligand binding. Real time NMR allows
the identification of intermediate steps in the conformation transition and can track the
conformational transition of individual nucleotides, based on changes in the NMR spectra
[13].

Both X-ray crystallography and NMR tend to be performed on RNA molecules which are
significantly smaller than virus genomic RNAs. In order to study RNA structures in the context
of viral genomes, biochemical probing methods techniques can be used to determine
secondary RNA structure and investigate tertiary RNA interactions. Early biochemical
methods involved the use of specific nucleases however, more recently RNA structure have
been determined using Selective 2’ Hydroxyl Acylation analysed by Primer Extension (SHAPE).
These techniques allow structures within RNA molecules to be mapped without the need for
labour intensive crystal diffraction or NMR spectroscopy and are described in chapter 4.

1.2.1 Chikungunya virus

CHIKV is a member of the Togaviridae family. Togaviruses are small, enveloped viruses which
have single-stranded, non-segmented, positive sense RNA genomes of 9.7-12 kb. The family
consists of a single genus named Alphavirus, which contains > 30 species [14] (Fig. 1.2). The
family previously included the Rubivirus genus however, this genus was recently moved to
the new Matonaviridae family [15,16]. Most Alphaviruses are mosquito transmitted
arboviruses that cycle between mosquito and vertebrate hosts, such as humans, non-human
primates, birds and pigs. Whilst some alphaviruses, such as CHIKV, are significant pathogens
and can replicate in purely human/mosquito infectious cycle, the majority of alphaviruses
cannot develop sufficient viremia in humans to infect mosquitoes [14]. Alphaviruses can also
be divided according to geographical placement into Old World and New World viruses.
Typically, old world alphaviruses, such as CHIKV and O’nyong’nyong virus, cause arthritogenic
disease; whereas New world alphaviruses, such as Western Equine Encephalitis virus (WEEV)
and Venezuelan Equine Encephalitis virus (VEEV), cause neurological disease [17]. Not all
alphaviruses are transmitted to humans; the Eliat virus (EILV) and the related Tai Forest
alphavirus are thought to be insect-specific viruses [18,19]. EILV is unable to infect vertebrate
cell lines, but can infect insect cells lines, such as Aedes albopictus mosquito larvae (C6/36)
cells, indicating that mammalian cells lack the entry receptors for ELIV. In addition, vertebrate
cell lines transfected with EILV RNA showed no sign of replication at both 37 °C and 28 °C, as
measured by expression of red fluorescent protein under the control of a sub-genomic
promoter. Since no ELIV RNA replication was detected, the authors suggest that ELIV is
restricted as a result of incompatibility between ELIV RNA/ proteins and vertebrate cell co-
factors [18].
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CHIKV was first identified from infected patient sera, in 1952 during an outbreak in present
day Tanzania [21-23]. The name Chikungunya comes for the Kimakonde language and
translates as “that which bends up”, which describes the stooped posture and ridged gait
which individuals may experience following infection [21]. Phylogenetic analysis of CHIKV
sequences suggest that CHIKV originated in Africa over 500 years ago [24] and subsequently
diverged from a common ancestor into two separate genotypes, termed West African (WA)
and East/Central/South African (ECSA) [24,25]. The WA strain has mainly been responsible for
small enzootic outbreaks in West African countries, where the virus is maintained in an animal
population and occasionally spreads to humans [26]. In contrast the ECSA genotype has
spread and established urban transmission cycles throughout Africa, the Middle East [27,28],
the Americas [29] and Asia, leading to selection of a divergent Asian CHIKV genotype [24,26].
More recently, a separate lineage of ECSA diverged during an epidemic in South East Asia and
the Indian Ocean basin, which has been classified as the Indian Ocean lineage of the ECSA
genotype [24,26].

Since the initial discovery of CHIKV, outbreaks have occurred sporadically in Africa, Asia and
the Indian Ocean islands [30-32]. In Kenya, a major epidemic occurred in 2004 [33], which
later spread throughout Indian, the Indian Ocean islands, Asia and La Reunion [31,34,35].
CHIKV has become endemic in the Americas, where the A. albopictus vector has a wide range
[36], and CHIKV cases have been reported throughout North and South America [37]. This
includes autochthonous spread of an ECSA strain reported in Brazil [38] and outbreaks of the
ECSA strain in the French West Indies [39,40] and Puerto Rico [41]. Globalisation, alongside
increased deforestation and dense urban living, make it likely that CHIKV will continue to



become established in new geographical regions, where the population is immunologically
naive [26].

1.2.2 CHIKV Transmission

Transmission of CHIKV occurs through the bite of an infected mosquito and occurs in two
distinct cycles, the sylvatic cycle and the urban cycle, which vary in prevalence between
geographical regions. In general, CHIKV is spread by sylvatic and urban cycles in Africa and in
an urban cycle in Asia [26,27]. There are significant differences between the two cycles (Fig.
1.3).
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Figure 1.3 CHIKV transmission cycle

A) In forest environments, CHIKV circulates in a sylvatic transmission cycle between non-
human primates and mosquitos (A. furcifer and A africanus). B) Sporadic enzootic
transmission can occur between mosquitos and humans. C) In urban and sub-urban
environments, CHIKV is mainly transmitted between mosquitos (A. aegypti and A. albopictus)
and humans. Adapted from Madariaga et al. 2016 [42].

The sylvatic cycle occurs in rural environments, such as forests or savannahs, where CHIKV is
maintained by a cycle of transmission, between infected mosquitos and vertebrates which
act as reservoir hosts [43,44]. The sylvatic cycle is prevalent in Africa [26,45], where CHIKV
has been isolated from multiple non-human primates [44,46-48] and Aedes species
mosquitos [43,49]. Non-human primates are suggested to be the principle animal reservoir
host for CHIKV, although small mammals, such as bats and rodents may also act as hosts [44].
Enzootic human infection occurs when forest and savannah environments are encroached
upon, (for example through farming, hunting, or deforestation) and infected mosquitoes feed
on humans [45]. Although CHIKV has been isolated from multiple Aedes species of mosquito,
other factors, such as feeding behaviour and distribution mean that some species are likely
not involved in human transmission. For example, Aedes luteocephalus and Aedes taylori are
largely restricted to the forest canopy [43]. Due to its broad land coverage and presence in
human settlements, Aedes furcifer has been suggested as one species responsible for
enzootic spill-over of CHIKV into human populations [43].



Infected humans then travel to urban environments, where the virus is maintained by an
urban cycle of transmission. During urban transmission, mosquitoes feed on infected humans
and become infected. The infected mosquitos then feed on another (uninfected) human,
passing the infection to a new host. Newly infected humans can then transmit the virus to a
new mosquito host during a bloodmeal [42,50]. Replication of CHIKV in human tissues can
result in high viral serum loads (>10° virus particles/ml [26,51]), which makes the virus
infection of mosquitos during a bloodmeal extremely efficient. Aedes aegypti and Aedes
albopictus are the main vectors for urban transmission of CHIKV in Asia, Africa and the Indian
Ocean [26,42,52]. There is limited evidence for sylvatic transmission in Asia and the
prevalence of CHIKV infected non-human primates is low compared with Africa [53,54]. CHIKV
may also be maintained in mosquito populations by venereal transmission [55].

1.2.3 CHIKV symptoms

Compared with other alphaviruses, CHIKV causes symptoms in a higher proportion of infected
individuals and can be identified by several characteristic factors [29,56]. The disease
progression is divided into two stages, an acute stage, lasting approximately a week, and a
chronic stage, in which symptoms may persist for several months to years after the initial
infection [56].

During the acute stage, an innate immune response is triggered, causing elevated levels of
type | interferon and other proinflammatory cytokines in infected patients [57]. Whilst a
minority of patients (5-18%) present as asymptomatic [58-60], the remaining patients will
develop a high fever (39-40 °C) [21,61] and severe polyarthralgia, which is often bilateral,
symmetric and debilitating [56,62]. Between 10% and 40% of patients develop a
maculopapular rash [63,64]. In a study of 610 atypical CHIKV cases in the 2005-2006 outbreak
in Réunion (where an atypical case was defined as presenting symptoms apart from arthralgia
and fever), 222 cases has severe disease and 65 patients died [64]. Atypical symptoms
included malaise (45%), diarrhoea/ vomiting (18%), myalgia (13%) and chest pain (4%) [64].
During a 2006 outbreak of CHIKV in India, 16.3% of patients developed neurological
symptoms [65] compared with 24% during the Réunion outbreak [64]. In addition
development of severe disease in atypical cases was 2.5 times more likely in those aged 40-
60 years compared with those aged < 40 years [64].

Acute CHIKV symptoms are attributed to direct cellular damage caused by apoptosis of
infected cells, leading to tissue damage, and local inflammation caused by the host immune
response [26,66]. In mouse models of CHIKV and in tissue biopsies from fatal neonatal cases,
tissue fibroblasts within the joints, skeletal fascia and the dermis were the principal CHIKV cell
target [67] and human fibroblasts from primary cultures have been shown to undergo
apoptosis when infected with CHIKV in cell culture conditions [66].

The severity of symptoms at the acute stage and increased age are risk factors for the
development of chronic disease [68]. Chronic CHIKV symptoms are characterised by relapsing
long-term arthralgia, which is usually located in the same joint sites affected during the acute
stage [69,70]. In addition, chronic myalgia and cutaneous lesions have been reported [69].
Chronic inflammation is proposed to be maintained by local persistence of viral replication or



failure to clear viral antigens from the infected tissue [69,71]. Histological assessment of
synovial joint biopsies identified CHIKV proteins in macrophages using fluorescence
microscopy and CHIKV RNA was detected in biopsy cells using RT-PCR. A lack of cytotoxic CD8*
T cells, which specifically target infected cells for apoptosis, was also noted and may
contribute to CHIKV persistence join tissue [71]. Patients suffering from chronic CHIKV will
often need long term symptomatic treatment and have a reduced quality of life [72]. In a
study of over 1,000 patients from La Réunion island, patients who tested positive for CHIKV
IgG antibodies were interviewed/ responded to questionnaires concerning their symptoms at
around 2 years post infection. 43% of patients reported musculoskeletal pain, 75% reported
cerebral disorder and 36% reported skin based symptoms [73]. In a study into CHIKV
associated arthralgia, patients underwent clinal investigation at 4-, 6-, 14- and 36-months
post infection. After 36 months, 60% of patients experienced arthralgia, occurring in episodic
patterns of relapse and recovery periods, 77% of which was described as highly incapacitating
[69]. In another study of 147 patients, where data was collected by trained physicians using a
standardised questionnaire, by 15-months post infection 43% had no symptoms, 21% had at
least one relapse of symptoms and 36% had permanent symptoms [74].

1.2.4 CHIKV genome organisation and replication

The CHIKV positive sense RNA genome consists of two open reading frames (ORFs), separated
by a non-coding intergenic region, which are flanked by a 5" untranslated region (UTR) of 76
nucleotide (nt) and a 3’ UTR of between 450 and 900 nts in length depending on lineage [75—
77] (Fig. 1.4). RNA structures within the 5" UTR play essential roles in CHIKV genome
replication and are discussed in detail in section 1.2.5.1. The 5" UTR is capped with a type-0
cap structure (N7mGppp) for initiation of cap-dependent translation. The 3’ end of the
genome has a polyadenylate(A) tail and a 19 nt conserved sequence element is present in the
3’ UTR, adjacent to the poly(A) tail [78]. ORF 1 encodes four non-structural proteins (nsp1-4),
and a second ORF, translated from a sub-genomic mRNA, encodes the structural proteins
[79]. The majority of CHIKV strains encode an opal stop codon in the nsp3-nsp4 junction
however, some strains of CHIKV (and the related O’nyong-nyong virus) encode an arginine
codon at the equivalent position. The presence of the arginine codon results in less severe
disease phenotypes in mouse models [80].

Sub-genomic
5' UTR promoter 3’ UTR
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Figure 1.4 Schematic of CHIKV genome

CHIKV genome organization. ORF 1 (Green) encodes the non-structural proteins, which
replicate the viral genome and ORF 2 (Blue) encodes the structural proteins, which form the
virus particle. ORF 1 and OFR 2 are separated by a junction region. The prompter for sub-
genomic RNA synthesis is found partially in the junction region and partially in the nsp4 coding
region.
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Figure 1.5 CHIKV lifecycle summary

A) CHIKV enters the host cell via receptor mediated endocytosis. B) pH changes in the
endosome result in fusion of the virus envelope and nucleocapsid uncoating. C) Translation of
ORF 1 produces the P123 and P1234 polyproteins, which are subsequently processed into
individual non-structural proteins. The presence of an opal stop codon at the nsp3/nsp4
junction results in the P123 polyprotein upon translation. Readthrough of the opal stop codon
results in the P1234 polyprotein. D) Nonstructural proteins and positive sense genomic RNA
assemble at the plasma membrane and form replication compartments (spherules). E)
Positive and negative sense RNA are replicated in spherules, producing positive sense,
negative sense and sub-genomic RNA. F) Sub-genomic RNA is translated into the capsid and
glycoproteins. G) Capsid and genomic RNA form the nucleocapsid complex. H) Glycoproteins
insert into the ER. I) Glycoproteins are processed in the Golgi and the mature glycoproteins
are trafficked to the plasma membrane. J) Virus particles exit the cells from the plasma
membrane.

In human hosts, CHIKV is transmitted to the bloodstream or skin during the process of
mosquito blood meal feeding, where the virus infects fibroblasts [81] and potentially
macrophages [67,82]. Fibroblasts were identified as the primary target for CHIKV in both
mouse models and human biopsies [67]. Liver derived primary macrophages can be infected
in vitro but display low levels of replication [67] and macrophages in synovial biopsies contain
CHIKV RNA and proteins [71]. The CHIKV life cycle is summarised in Fig. 1.5. CHIKV binds to
host mammalian cells via the cell adhesion molecule Mxra8. Preincubation of primary human
cells, including dermal fibroblasts, with anti-Mxra8 antibodies inhibited CHIKV infection (as
measured by intracellular E2 expression analysed by flow cytometry) and Mxra8 was shown
to bind captured CHIKV virus-like-particles using surface plasmon resonance [83]. Mutation
of CHIKV E2 inhibited Mxra8 binding in flow cytometry experiments where the E2 mutants
were expressed in Human embryonic kidney cells expressing a mutant version of the simian
virus 40 large T antigen (HEK 293T), indicating that receptor binding is mediated by E2 [83].



CHIKV is thought to enter cells via clathrin mediated endocytosis (CME) [84], and inhibition of
CME using the CME inhibitor Pitstop2 was shown to inhibit CHIKV entry, as measured by flow
cytometry using a modified CHIKV which expresses GFP from a sub-genomic promoter [85].

Endosome maturation causes pH reduction, which triggers reorganisation of the E1-E2
heterodimer, as shown by x-ray crystallography [86,87], exposing the fusion peptide in E1. E1
then triggers fusion of the CHIKV and endosomal membranes, releasing the viral RNA into the
host cytoplasm [84]. Mutation of conserved residues in E1 reduced fusion activity in a
recombinant baculoviral assay, whereby formation and size of syncytia is used as a measure
of fusion activity. In this assay, the size of syncytia induced by monomeric E1 was reduced
compared with cells where all CHIKV structural proteins had been expressed, indicating that
other CHIKV structural proteins may be involved in membrane fusion [88].

Following release of CHIKV particles from the endosome, ORF 1 is translated as a polyprotein
directly from the genomic RNA. The majority of translation events produce the viral
polyprotein P123, due to the opal stop codon (UGA) at the terminal of the ns3 coding region.
Read through of the opal stop produces the P1234 polyprotein. Opal stop codon readthrough
has been investigated in Sindbis virus, using cell-free translation assays, where RNA
transcripts were added to rabbit reticulocyte lysates. In the translation assay, translational
readthrough was determined by size differences in products analysed by SDS-PAGE. These
assays determined that mutation of the cysteine residue immediately downstream of the
UGA codon resulted in a reduction in translation readthrough, from 10% to 1%, indicating
that the context of the UGA is important for readthrough [89]. In addition, mutation of the
opal stop codon to an arginine residue did not reduce the infectious titre of CHIKV in Vero
cells and did not impair virus replication in mouse models, as determined by plaque assay of
harvested tissues. Despite this, mouse models showed a reduction in tendon and joint
swelling when infected with the mutant virus, indicating that the opal stop codon could be
linked with development of more severe disease phenotypes [90]. RNA structure predictions
using the ViennaRNA and pknotsRG web servers/ prediction algorithms indicate that an RNA
structure may form downstream of the opal stop codon in VEEV, consisting of a short RNA
duplex and a 95-148 nucleotide open loop. Sequences including the opal stop codons and
nucleotides predicted to form the RNA structure were cloned between Renilla and Firefly
luciferase genes, where firefly expression is dependent on readthrough of the opal stop
codon, in order to investigate the function of the RNA structure. Mutations disrupting base
pairing in the RNA duplex resulted in a reduction in stop codon readthrough, whilst
restorative mutations which restored base pairing resulted in stop codon readthrough at near
WT levels [91].

The viral non-structural polyprotein is proteolytically cleaved in cis by nsp2, releasing the nsp4
RNA dependent RNA polymerase (RdRp) (further discussed in section 1.2.5.3). Polyprotein
processing has been investigated in Sindbis virus (SINV). Mutations which block cleavage at
the nsp3/nsp4 site resulted in a lack of plaque formation from transfected cells, indicating
that nsp4 cleavage is essential for virus replication. Mutations which block cleavage at the
nspl/nsp2 and nsp2/nsp3 sites did not impair synthesis of negative sense RNA, as detected
by RT-PCR of SINV infected cells. In contrast, positive sense RNA synthesis was impaired by
P123 cleavage mutations, as measured by incorporation of [3H] uridine, when cells were
incubated with [3H] uridine during infection. The P123 cleavage mutant incorporated less
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[3H] uridine compared to WT, indicating a defect in positive sense RNA synthesis. The authors
argue that since 90% of RNA synthesised in SINV infected cells is positive sense, then
incorporation of a label is a measure of positive sense RNA synthesis. Mutations which block
P123 processing also caused a reduction in viral titre, presumably due to lack of positive sense
RNA synthesis [92]. These results indicate that the P123 polyprotein and nsp4 form a
replication complex, which uses the positive-sense genomic RNA as a template for synthesis
of a negative-sense RNA replication intermediate and that positive sense RNA replication
occurs when the P123 polyprotein is fully processed into individual proteins. Viral RNA
replication occurs in membrane bound complexes derived from the plasma membrane,
termed spherules, which are further discussed in section 1.2.5. CHIKV RNA replication is likely
to also involve host proteins, although this is not well characterised [79]. Chloride ion
channels inhibitors have been shown to impair virus genome replication, as treatment of
CHIKV infected cells with chloride ion channel blockers reduces infectious titre, and in
addition, impairs replication of a sub-genomic firefly expressing CHIKV replicon [93].

The role for the 3’ poly(A) tail and a 19 nt conserved sequence element, found immediately
preceding the poly(A) tail, to act as a promoter for negative-sense RNA synthesis has been
investigated in SINV. RNA templates corresponding to the SINV genome were incubated with
purified P123 and nsp4 proteins (where nsp2 contained a mutation to prevent polyprotein
processing). Templates lacking either the conserved sequence elements alone or conserved
sequence element and poly(A) tail were unable to synthesise negative sense RNA, as
determined by agarose-phosphate gel electrophoresis where RNA was visualised by [a-32P]
CTP incorporation [94].

The positive sense 26S sub-genomic RNA is translated into a polyprotein, which is translated
and cleaved into the structural proteins capsid (C), E1, PE2 (which consist of E2 and E3), and
the small 6K peptide. C is proposed to self-cleave from the polyprotein, as mutations within
the C protein protease domain of Sindbis virus impaired protein cleavage during in vitro
translation assays [95]. Immunoelectron microscopy experiments using Semliki Forest virus
indicates that virus proteins E1 and PE2 pass from the ER and through the Golgi network [96]
and treatment of cells with the reagent monensin causes the retention of E1/E2 in the Golgi
[97]. Monensin facilitates the exchange of Na* ions for protons across membranes, thereby
removing Na* and H* gradients and neutralising the pH of the Golgi network (and other acidic
organelles) [98]. This has the effect of causing the Golgi cisternae to swell and separate,
blocking transport of proteins between the different components of the Golgi complex [97].

PE2 is proposed to be cleaved by furin in the Golgi network. Use of a furin inhibitor prevented
PE2 cleavage, as shown by western blot of CHIKV infected cell lysates, and treatment of CHIKV
infected cell with a furin inhibitor reduced viral titre [99]. In the later stages of infection (5
hours post infection), Semliki Forest virus E1 and E2 can be visualised at the plasma
membrane (in vesicles known as type Il cytopathic vesicles), using immunoelectron
microscopy [100]. Genomic RNA molecules associate with capsid proteins forming
nucleocapsid complexes. This is dependent on the positively charged N terminus of the C
protein, as deletion of more than 19 nucleotides from the C protein N terminus prevents
nucleocapsid assembly in vitro in the related Sindbis virus [101]. Mutations, replacing the
positively charged amino acids in the RNA binding region with neutral amino acids, caused a
reduction in virus titre and upon passage, a number adaptive mutations were seen in nsp2,
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indicating a potential role for this protein in RNA packaging [102]. The resultant nucleocapsid
complexes associate with E1 and E2 at the plasma membrane, from which virus particles are
released by budding, as shown by electron microscopy [100,103].
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1.2.5 The CHIKV RNA replication complex

Alphavirus RNA replication takes place in modified membrane compartments, which contain
the viral RNA and proteins. Translation of the first viral ORF produces the non-structural
proteins (nsp1-4), which induce the formation of membrane invaginations termed spherules.
Spherules are approximately 50 nm in diameter and are proposed to be connected with the
cytoplasm via a narrow neck-like structure, as visualised by electron microscopy [104].
Immunofluorescence imaging indicates that both dsRNA and non-structural protein co-
localise in replication complexes [105,106]. In the proposed model of RNA replication, non-
structural proteins are positioned at the neck of the spherule, with the dsRNA contained
within the spherule membrane. Newly synthesised RNA molecules are then released into the
cytoplasm via the neck region pore [104,106]. Formation of replication spherules may both
provide protection from immune surveillance, for example by keeping dsRNA within the
vesicle, and bring the components of the replication complex into spatial proximity [105].

Treatment of Semliki forest virus (SFV) infected cells with the phosphoinositide 3-
kinase inhibitor wortmannin leads to retention of the replication complexes at the plasma
membrane, indicating that spherules are first formed at the plasma membrane [106]. In
mammalian cells, electron microscopy images of SINV show that spherules are endocytosed
and fuse with late endosomes/ lysosomes, forming vacuole structures in which spherules are
positioned at the cytoplasmic side of the membrane [103]. Replication complexes are
trafficked to the perinuclear space via microtubules and mature into larger cytopathic vacuole
structures (CPV-I). Disruption of the microtubule network using nocodazole results in CPV-I
vesicles having no localisation within the cell, shown by confocal live-cell imaging. In addition,
CPV-I were smaller and not stained with the acidic organelle marker Lysotracker, indicating
that microtubules are required for the transport of internalised spherules to acidic organelles
[103,106].

Work by Thaa et al. [107] indicates that in CHIKV and SFV differ in phosphoinositide 3-kinase
- protein kinase B (Akt) - mechanistic target of rapamycin (mTOR) pathway activation.
Western blotting of CHIKV or SFV infected BHK cells indicates that CHIKV Akt phosphorylation
is much weaker in CHIKV, as less phosphorylated Akt can be visualised in CHIKV lysates
compared with SFV lysates. In addition, immunofluorescence microscopy experiments dsRNA
and CHIKV nsp3 were shown to accumulate at the cell periphery at 8 hours post infection,
suggested that in CHIKV, replication spherules are not internalised. The authors show that in
SFV deletion of a hyperphosphorylated region of the nsp3 hypervariable domain impaired
persistent Akt-mTOR activation. In cells infected with this SFV mutant, fluorescence
microscopy showed that most of the replication complexes were localised at the cell
periphery, resembling cells which had been treated with wortmannin. These results indicate
that spherule internalisation in alphaviruses is dependent on activation of the Akt-MTOR
pathway. The authors therefore suggest that in replication spherules are not internalised in
CHIKV due to weak activation of the Akt-mTOR pathway [107].

In mammalian cells, a second type of cytopathic vacuole (CVP-1I) transports the viral envelope
proteins to the site of viral budding at the plasma membrane. CVP-Il vesicles containing the
E1 and E2 proteins have been visualised close to the plasma membrane in SFV infected cells,
using immuno-electron microscopy [100,103]. Electron miscopy studies of alphavirus infected
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C6/36 cells indicates that the sites of viral replication and assembly are not segregated in
mosquito cells. In these cells, virus budding can occur from internal cytopathic vesicles, in
addition to the plasma membrane, which may enable persistent infections [103].

1.2.5.1 CHIKV 5' UTR and adjacent nsp1 coding region RNA structures

RNA structures within the first 303 nts of the CHIKV genome, encompassing the 5" UTR and
adjacent nspl coding region, are essential for CHIKV genome replication (Fig. 1.6). Using a
combination of selective 2'-hydroxyl acylation analysed by primer extension (SHAPE) and
reverse genetic studies, several RNA replication elements (RREs) were identified in the 5’
region of the CHIKV genome, all of which function through structure dependent mechanisms.
2 RREs were identified in the 5" UTR (SL3, SL47) and 5 RREs in the adjacent nsp1 coding region
(SL85, SL102, SL165, SL294 and SL246). The 51 nts conserved sequence element (CSE), which
corresponds to SL165 and SL194, is conserved across alphaviruses [108-111]. Comparative
SHAPE reactivity was seen in both 28 °C and 37 °C (reflecting both mammalian and A.
albopictus body temperature), indicating that the same structures are present in both human
and mosquito hosts. SHAPE reactivities mapped to SL85 showed that a number of terminal
loop nucleotides are base paired, indicating that higher order RNA-RNA interactions may be
forming with a downstream sequence which overlaps with the AUG start codon [2].
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Figure 1.6 RNA structures within the 5’ UTR and adjacent coding region of the CHIKV
genome.

RREs with this this region are essential for CHIKV genome replication and have been shown to
function in a structure dependent manner. SL47 is required for efficient replication in both
mosquito and mammalian cell lines. SL86, SL102, SL165 and SL194 are required for efficient
replication in mammalian cells, but are not essential for replication in mosquito cells. In
contrast, S246 is not required for replication in mammalian cells, but is required for replication
in mosquito cells. Nucleotides with a score above 0.7 are highly reactive chemical reagent
NMIA, nucleotides with a score between 0.3 and 0.69 are moderately reactive and nucleotides
with a reactivity below 0.3 are considered unreactive. The process of SHAPE mapping is
explored in detail in chapter 4. Adapted from Kendal et al. 2019 [2].

The RRE SL3 has been characterised in CHIKV and related alphaviruses and plays a role in viral
immune evasion. The IFN-induced protein IFIT1 binds to type-0 viral RNA cap structures,
preventing binding of eukaryotic translation initiation factors and thereby inhibiting virus
replication. Mutations introduced to destabilise SL3 base pairing resulted in inhibition of virus
replication in cell lines which overexpress IFIT1. The authors suggest that SL3 provides
resistance to IFIT1, possibly by regulating the efficiency of IFIT1 binding to RNA cap structure

15



[112]. To investigate the remaining RREs, Kendal et al performed mutagenesis to destabilise
base-pairing within the duplex stems of SL47, SL85, SL102, SL165, SL194 and SL246, without
changing the primary protein coding sequence. The effect of these mutations on infectious
CHIKV replication was measured the in both human (Huh7 and Human Caucasian embryo
rhabdomyosarcoma) and mosquito (C6/36) cell lines. Disruption of SL47 significantly reduced
replication in both human and mosquito cell lines, indicating that the REE is required in both
hosts. RREs within the nspl1 coding region showed more host specific phenotypes. Disrupting
the structures of SL86, SL102, SL165 and SL194 had no effect on replication in C6/36 cells, but
significantly inhibited replication in human cells. Conversely, disruption of SL246 significantly
impaired replication in mosquito cells, but had no effect in human cells [2]. The same
mutations were also investigated using a sub-genomic replicon system, with the same cell
dependent phenotypes observed [2], indicating that the RREs function during CHIKV genome
replication. Translation assays confirmed that RRE mutation did not affect translation, further
indicating that the REEs function during the genome replication stage of the lifecycle.

To confirm that mutant phenotype was due to disruption of base-pairing, rather than changes
to the primary RNA sequence, compensatory synonymous mutations were incorporated to
restore base-pairing within the RNA duplex-stem, without reverting to wild-type sequence.
Restoration of base pairing in SL85, SL102, SL165 and SL194 significantly rescued replication
in Huh7 cells and restoration of SL246 restored replication in C6/36 cells, to near wild-type
levels. Restoration of SL47 restored replication in C6/36 cells, but did not rescue replication
in Huh7 cells at 37 °C. Replication was rescued when Huh7 cells were incubated at 28 °C,
suggesting that the SL47-compensated structure was not stable at 37 °C. Mutations within
the single-stranded loop regions of the CHIKV RREs did not affect replication, with the
exception of SL194 where a C>U substitution resulted in significant inhibition in Huh7 cells,
indicating that for SL194, both the primary loop sequence and the duplex stem are essential
for replication. These results indicate that the structure of the RREs is functionally significant
and that disruption of the RREs structure inhibits CHIKV genome replication [2].

1.2.5.2 CHIKV Non-structural protein 1 (nsp1)

Nspl is a 60kDa protein which has two essential functions during replication. Firstly, nspl
contains an N-terminal methyltransferase/ GTase domain, responsible for adding the type-0
5’ cap to genomic and sub-genomic viral RNAs [79]. Mutagenesis of Sindbis virus nspl
resulted in reduced methyltransferase activity, as measured by transfer of radioactivity ([3H-
methyl]AdoMet) [113]. In addition, nspl anchors the CHIKV replication complex to host
membranes within virus replication complexes. Palmitoylated cysteine residues within the C-
terminal region of nsp1 have affinity for cholesterol rich lipid raft regions within membranes.
Mutation of conserved amino acids led to nsp1 becoming diffuse in the cytoplasm, compared
with WT, where nspl is associated with membrane structures, and nspl colocalises with
cholesterol in fluorescent microscopy studies [114].

The structure of the nspl complex has been solved using single-particle cryo-electron-
microscopy, using recombinant nspl expressed in E. coli and in a Baculovirus-insect cell
expression system [115]. Nsp1 was shown to assemble into dodecameric pores with a central
aperture that is 7 nm wide. The 12 subunits complex contains three regions: the crown
(formed by the nspl capping domains), the waist (which defines the 7-nm-wide, 2nm deep
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pore) and the membrane-binding skirt region. Nsp1 pores are proposed to form at the neck
of the replication spherule, thereby acting as a pore complex which controls the movement
of molecules which enter and exit the replication spherule [115].

1.2.5.3 CHIKV Non-structural protein 2 (nsp2)

The 90kDa nsp2 carries out several functions in CHIKV replication. The nsp2 N-terminal
helicase domain has NTPase activity, which is required for unwinding RNA secondary
structures during RNA replication. The crystal structure of nsp2 helicase domain bound to a
14-mer RNA (containing the 3’ genome end sequence) and a transition-state analogue of ATP
hydrolysis has been reported and the structure of the helicase is highly similar to other RNA
helicases [116]. Additionally, this domain has nucleoside triphosphatase activity, as
incubation of nps2 with 5’ [y-32P] GTP labelled RNA resulted in removal of the label.
Additionally, nsp2 can remove y-32P, but not a-32P (a-32P is used for labelling during RNA
synthesis, whereas y-32P is specifically used for 5’ end labelling of RNA). The authors suggest
that nsp2 removes the y-phosphate of nascent positive-sense viral RNAs, providing a
substrate for nspl-mediated capping reactions [117]. Nsp2 also has a C-terminal protease
domain, which carries out cleavage of the non-structural polyprotein. The crystal structure of
the protease domain has been solved and the active site identified [118]. Mutations within
the nsp2 active site impaired protease activity at all of the polyprotein cleavage sites, both
using purified enzyme and substrate, and in a cell-free in vitro transcription/ translation assay.
In contrast, incubation with WT nsp2 resulted in a number of bands corresponding to
polyprotein digestion products when analysed by SDS-PAGE [119]. In cell based assays using
a construct where the non-structural polyprotein was expressed from a T7 promoter, P1234
was the only products detected by western blot when key amino acids in nsp2 were mutated
[119].

1.2.5.4 CHIKV Non-structural protein 3 (nsp3)

The least well understood of the CHIKV non-structural proteins is the 60kDa nsp3, which has
three domains: The macrodomain, the alphavirus unique domain (AUD) and the
hypervariable region. [120,121]. The crystal structure of the N-terminal nsp3 macrodomain
has been reported and ADP binding activity was determined by isothermal titration
calorimetry [120]. CHIKV nsp3 ADP-ribosylhydrolase activity was demonstrated by incubating
an nsp3 macrodomain fusion protein/ full length nsp3 with 32P labelled-mono-ADP-
ribosylated proteins. Hydrolase activity was determined by the amount of detectable 32P post-
incubation, whereby incubation with nsp3 caused a reduction in detectable 32P [122]. Another
study reported that mutant viruses lacking activity ADP-ribosylhydrolase are unable to
replicate in BHK or A. albopictus cells and underwent reversion to remove catalytically
inactivating mutations [123]. The AUD domain is proposed to contain a zinc binding domain
consisting of four cysteines, and mutation of two of these cysteine residues in a CHIKV sub-
genomic replicon system resulted in a lack of replication and translation in both mammalian
and mosquito cell lines, as measured by luciferase expression. Mutation of surface exposed
basic residues impaired replication of infectious CHIKV in mammalian cell lines, but not in
mosquito cells where the mutations rapidly reverted to WT. Further analysis by confocal
microscopy of mutations within the AUD resulted in loss of co-localisation with dsRNA and
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loss of nsp3 accumulation at the plasma membrane [121] indicating the role of nsp3 with the
replication complex.

The C-terminal hypervariable region (HVR) is divergent between alphaviruses in terms of
length and sequence and may play a role in host specificity [79], as nsp3 has been shown to
interact with different host proteins in different alphavirus species. In old world alphaviruses,
such as CHIKV, the HVR interacts with G3BP proteins, whereas in new world alphaviruses,
such as VEEV, the HVR interacts with Farnesoid X receptor (FXR) proteins. The use of different
host factors may partially explain the difference in disease phenotype seen between new
world and old-world alphaviruses. Use of Ras GTPase-activating protein-binding protein
(G3BP) knockout cell lines causes a reduction in CHIKV virus titre and genomic RNA copy
numbers. In addition, deletion of nsp3 G3BP binding elements also impairs CHIKV replication.
G3BP is proposed to play a role in CHIKV replication complex formation, by binding to P123
and P1234 complexes at the plasma membrane and thereby promoting interactions between
the replication proteins and genomic RNA [17].

1.2.5.5 CHIKV Non-structural protein 4 (nsp4)

Due to polyprotein expression and processing, as described previously, significantly less nsp4
is produced compared with other non-structural proteins. The N-terminus of nsp4 is
predicted by modelling to be disordered. In Sindbis virus, mutations within the N-terminal
region resulted in a 10-fold reduction in virus titre. The effect of N-terminal mutations on RNA
synthesis was investigated by [3H] uridine/ actinomycin D treatment of infected cells.
Mutations within the N-terminus of nsp4 resulted in a significant decrease in detectable RNA,
when visualised using fluorography [124].

Nsp4 is required for synthesis of alphavirus RNA. In an assay where nsp4 was combined with
BHK cell membrane fractions containing P123, positive sense Sindbis virus RNA, NTPs and [a-
32p] CTP (as a marker for visualisation of products on agarose-phosphate gels), P123 was
unable to perform RNA synthesis in the absence of nsp4. Reactions containing nsp4 but
lacking P123 could not perform negative sense RNA synthesis, indicating that both nsp4 and
the P123 precursor polyprotein are required for negative sense RNA synthesis. Mutation of
the GDD active site to GAA resulted in a lack of RNA synthesis. Deletion of the first 97 N
terminal amino acids (A97nsP4), leaving the predicted catalytic core domain intact, did not
result in RNA synthesis, indicating that the N-terminal region is required for RNA synthesis
[125]. In addition, nsp4 has been purified from BHK cells, using recombinant vaccinia viruses
where the Sindbis P123 polyprotein and nsp4 were expressed, by fractionation/
centrifugation. Fractions containing P123 and nsp4 (pellet) were able to synthesise negative
sense RNA, but not positive sense RNA (as measured by [a-32P] CTP/ phosphoimaging) [126].

In contrast, synthesis of positive sense RNA requires cleavage of the P123 polyprotein.
Mutations which block cleavage at the nsp2/nsp3 cleavage site did not impair negative sense
RNA synthesis (as detected by PCR), however positive sense RNA replication (measured by
[3H] uridine incorporation) was impaired [92]. These results indicate that processing of the
P123 precursor is required for positive strand synthesis. The authors propose a model
whereby early in the infection nsp4 and the P123 precursor form a transient complex, which
uses positive sense RNA as a template for synthesis of negative sense RNA. Later in the
infection, P123 is cleaved into individual proteins. The P123 cleavage products and nsp4 then
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form stable replication complexes, which use negative sense RNA as a template for synthesis
of positive sense RNA [92].

The catalytic core domain A97nsP4 was used to demonstrate adenylytransferase (TATase)
activity. 45 nucleotide RNA templates, corresponding to the 3’ region of sindbis virus, were
incubated with the purified catalytic domain and either [a-32P] labelled ATP, UTP, CTP or GTP,
then separated on a PAGE gel. Only incubation with [a-32P] ATP nucleotides produced
products with a higher molecular weight (47, 48 and 49 nucleotides), indicating that A97nsP4
is able to specifically add ATP onto RNA transcripts. A97nsP4 is able to add ATP to multiple
RNA transcripts, indicating a lack of specificity and suggesting that either additional viral or
cellular proteins or residues 1-97 of nsp4 are required for template specificity [127].

1.3.1 Flaviviridae and Zika virus

Members of the Flaviviridae family are small enveloped viruses with single-stranded non-
segmented positive sense RNA genomes of between 9-12 kb. There are four genera in the
Flaviviridae family. The Flavivirus genus contains over 50 species, including important human
pathogens, some spread by mosquitoes, such as Zika virus (ZIKV), dengue virus (DENV), West
Nile virus (WNV), yellow fever virus (YFV) and some spread by ticks, such as tick-borne
encephalitis virus (TBEV) (Fig. 1.7). Flaviviruses can be further subdivided into four groups
based on the vector organism: Mosquito borne (e.g. ZIKV, DENV), Tick Borne (e.g. TBEV),
Insect specific (e.g. Aedes flavivirus) and no known vector (e.g. Rio Bravo virus). Members of
the flavivirus genus cause a range of disease from haemorrhagic fever to neurological
complications [128] and affect a high percentage of the global population. For example, DENV
causes an estimated 400 million infections per year [129] and ZIKV has caused several
significant outbreaks, most recently in Brazil [130]. Comparison of amino acid sequences
indicate that on average ZIKV has 55.6% sequence identity with DENV, 57% with WNV and
46% with YFV [131]. Members of the Pestivirus genus are economically important viruses
which infect pigs and ruminants, such as cattle and sheep, and are transmitted by infected
secretions such as urine. Pestivirus disease symptoms include enteric and wasting diseases,
and in addition, pestiviruses can cross the placenta and infect the foetus, causing
malformations and stillbirth [132]. The Hepacivirus genus includes the important human
pathogen hepatitis C virus (HCV), which can cause chronic liver disease in humans [133].
Hepaciviruses also infect a number of animal hosts, such as horses, rodents and bats [134].
The forth genus are the Pegiviruses, which can infect a range of mammalian species including
humans, chimpanzees and bats, but have no identified pathogenesis [135].

ZIKV was first isolated in 1947, from the serum of a rhesus monkey caged in the canopy of the
Zika forest in Uganda. ZIKV was then isolated the following year from A. africanus mosquitoes,
taken from the same forest, and the virus was named after the forest where it was first
isolated [136]. Whilst there was no indication of disease, antibodies were detected in 8-20%
of Ugandan residents tested [137] and in the next half century, ZIKV antibodies were detected
in a range of countries across a narrow equatorial belt, running from Africa to Asia [138]. ZIKV
infection was first reported to cause human disease in 1954 in Nigeria, where the virus caused
an outbreak of jaundice [139], after which few cases of ZIKV associated disease were reported
until 2007, when an outbreak occurred on Yap Island in the Federated States of Micronesia.
In the outbreak an estimated 73% of the islands population (aged 3 years or older) were
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infected with ZIKV [140] and the strain was identified as originating from South East Asia
[141].

The next major epidemic occurred in 2013, on the islands of French Polynesia in the pacific
ocean [142]. The most common symptom of ZIKV disease was an influenza-like illness
however, during this outbreak, ZIKV infection was associated with higher prevalence Guillain-
Barré syndrome in the population [143]. Due to the similarity of ZIKV disease symptoms to
other endemic arboviruses (such as DENV and CHIKV) and the high level of antibody cross
reactivity with other flaviviruses in diagnostic tests, it is difficult to determine the global
prevalence of ZIKV [143]. The most recent ZIKV outbreak occurred in Brazil, where the first
case of autochthonous transmission of the Asian clade was recorded in 2015 [144]. During
this outbreak ZIKV infection was linked with higher rates of microcephaly seen in affected
areas and viral RNA was isolated from the amniotic fluid of two women [145]. A retrospective
study also found that the microcephaly was higher than average incidence in the population
during French Polynesian outbreak [146].

There are two major lineages of ZIKV: the African lineage and the Asian lineage. Sequence
analysis of viral isolates has revealed that the virus originated in Africa and evolved in two
distinct groups in Uganda and Nigeria, with the Uganda strain considered to be the classical
ZIKV strain. Despite having origins in Africa, approximately 97% of the published ZIKV strains
belong to the Asian lineage [147]. The Asian lineage is thought to have originated in Malaysia
[148] and has high sequence homology with the strains of ZIKV circulating in the Americas
[149]. Amino acid differences between the two strains are present in the non-structural
proteins NS1, NS2B and NS5, thought large phenotypic differences between the two lineages
has not been observed [150]. Asian strains infect and replicate less efficiently in human
neuroprogenitor cells compared with African strains, which may indicates links to the
prolonged infection in brain and placental tissues seen in more recent outbreaks [150,151].
Interestingly, of the published ZIKV genomes, African strains have only been isolated from
mosquitoes and non-human primates, whilst Asian strains have isolated from humans and
mosquitoes [147].
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Figure 1.7 Phylogenetic trees of flavivirus species.

A) The flavivirus family is divided into four sub-groups based on the disease vector. Adapted
from Gamarnik et al. 2016 [152]. B) Analysis of 14 flavivirus complete genome sequences by
MegAlign. ZIKV shows the highest identity with Spondweni virus (SPOV), with 68.6% identity
in nucleotide sequence and 75% identity in amino acid sequence. JEV, WNV, DENV and St.
Louis encephalitis virus had 58%-60% nucleotide sequence identity with ZIKV and 55%-58%
amino acid sequence identity. Adapted from Qing et al. 2016 [153].
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1.3.2 ZIKV transmission

Similar to CHIKV, ZIKV is maintained in both sylvatic and urban cycles of transmission (Fig.
1.8). In Africa, the virus is likely maintained in non-human primates, with a number of non-
human primates species showing serological evidence of ZIKV exposure [154]. The virus has
also been detected in a number of arboreal Aedes species, including A. furcifer and A. vittatus.
ZIKV positive A. furcifer and A. vittatus mosquitoes have been found within human
settlements, suggesting that these species are involved in enzootic transmission to human
hosts [155]. Urban transmission of ZIKV has been linked with A. aegypti and A. albopictus
[156,157], although other species, such as A. polynesiensis and A. Hensilli were thought to
involvedin the French Polynesian [158] and Yap island [159] outbreaks respectively. Arbovirus
disease transmission may also be linked to lifestyle and level of economic development. For
example, despite the presence of A. aegypti in the south-eastern United States, there have
been relatively few cases of autochthonous transmission of DENV (a closely related flavivirus).
This has been attributed to factors such as abundance of air conditioning in buildings (leading
to less open windows), fewer people per house and the increased average distance between
houses, all of contribute to lower levels of contact between humans and infected mosquitoes
[160].

The main method of ZIKV transmission is via mosquito vectors, however significant ZIKV
transmission has also been noted via other routes. Sexual transmission was documented in
2008 when an infected scientist returned from Senegal and transmitted the virus to his wife
[161]. ZIKV RNA has been detected in patient semen up to 188 days after the onset of
symptoms [162], though in 95% of patients viral RNA was cleared after 3 months [163].
Guidelines state that infected individuals should use protection or refrain from sexual contact
for 6 months after ZIKV exposure [162,163]. In addition, sexual transmission of ZIKV can occur
from asymptomatic patients [164] and the level of sexual ZIKV transmission in endemic areas
is difficult to assess, as the population is also exposed to mosquitoes, making it challenging to
differentiate between mosquito acquired and sexually acquired cases. ZIKV also has the
potential to be transmitted by blood transfusion, as 3% of 1,505 asymptomatic blood donors
tested positive for ZIKV by RT-PCR during the French Polynesia outbreak, though again the
prevalence of this is difficult to determine in endemic areas [165,166]. Materno-foetal ZIKV
transmission was confirmed by detection of ZIKV RNA and anti-ZIKV IgM antibodies in the
amniotic fluid of pregnant women, who had microcephalic foetuses during the Brazilian
outbreak [167]. ZIKV RNA has also been recovered from foetal brain tissue and virus particles
have been visualised within infected foetal brain tissue by electron microscopy [168],
indicating that the virus had passed from infected mothers into the womb.
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Figure 1.8 ZIKV transmission cycle.

A) In forest environments, ZIKV circulates in a sylvatic transmission cycle between non-human
primates and Stegomyia and Diceromyia Aedes mosquitos. B) Sporadic transmission can occur
between mosquitos and humans. C) Transmission can occur between humans, via sexual
contact, blood transfusion and pregnancy. D) In urban and sub-urban environments, ZIKV is
mainly transmitted between mosquitos and humans. Adapted from Kurscheidt et al. 2019
[169].

1.3.3 ZIKV symptoms

ZIKV infection can cause a variety of symptoms in humans, which range from mild to severe
and an estimated 80% of infected individuals will be asymptomatic. The remaining 20% will
experience a febrile illness, where patients can experience fever, headache malaise, macular
or papular rash, arthritis, arthraligia or nonpurulent conjunctivitis [140,170]. Hematospermia
may occur in males [161]. In symptomatic patients, an estimated 50% of individuals will
experience symptoms within 1 week and 99% will experience symptoms within 2 weeks [171].
ZIKV was initially considered to be a mild illness. However, in recent outbreaks more severe
symptoms have been documented, conceivably because the higher number of infections has
led to more cases of rare disease outcomes [172].

During the French Polynesian outbreak, ZIKV was linked with neurological symptoms, due to
increased incidence of Guillain-Barré syndrome (GBS) [143]. GBS is an autoimmune disease
which affects the peripheral nerves and causes progressive paralysis [173]. GBS carries a
death rate of 5% and causes significant disability in up to 20% of patients [174]. The estimated
prevalence of ZIKV-associated GBS is 1.23% [173], compared with the average incidence of
0.4 to 1.7 per 100,000 population [175]. There are multiple potential mechanisms for ZIKV-
associated GBS. Viral antigens may mimic host proteins, leading to an immune response
against the host [172]. Alternatively, prior or concurrent arbovirus infections, which
exacerbate the immune response, may cause damage to peripheral nerves by the
immunopathogenic process [174].
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ZIKV infection is also associated with microcephaly, a neurological condition where the brain
is underdeveloped, resulting in reduced brain volume and motor and/or intellectual
disabilities. Microcephaly is defined as head circumference of more than two standard
deviations below the mean for sex, age and ethnicity, with severe microcephaly defined as
more than three standard deviations below the mean. Microcephaly may be diagnosed at
birth (primary microcephaly) or postnatally (secondary microcephaly) where the child has a
normal head circumference at birth, but then develops microcephaly at a later point [176].
Primary microcephaly is caused by a decrease in the number of neurones generated by
neurogenesis and secondary microcephaly is thought to be caused by a decrease in synaptic
connections and dendritic processes [177]. ZIKV was linked to microcephaly during the 2015
outbreak in Brazil, when the prevalence of recorded microcephaly cases increase from 1-2
cases per 10,000 live births to approximately 20 cases per 10,000 live births [145]. Ultrasound
images of foetuses within infected mothers show calcification within the brain, which is
indicative of intrauterine infection. Other presentations included severe damage to the
cerebellum, brain stem and thalami [178]. In foetal brain tissue, ZIKV particles were visualised
by negative staining electron microscopy and viral RNA was detected using RT-PCR, indicating
that the virus actively replicates in the brain. No virus or pathological changes were observed
in other foetal organs outside of the brain, indicating a strong neurotropism in foetuses [168].

1.3.4 ZIKV genome organisation and replication

ZIKV has a positive sense single stranded RNA genome consisting of a single open reading
frame (ORF) encoding for 10 proteins, with highly structured non-coding UTRs at the 5 and 3’
ends [152] (Fig. 1.9). The ORF encodes an approximately 3400 amino acid polyprotein
precursor, containing three structural proteins (C, prM and E), which form the virus particle;
and 7 non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5) which are
involved in the formation of replication complexes, particle assembly and immune evasion
responses [179]. The ZIKV 5’ UTR is around 100 nts in length and has a type-1 5' cap
(m7GpppAmpN1) structure, which is essential for translation of viral genes by the host
machinery and increases endonuclease resistance [180]. The 5' UTR and adjacent capsid
coding region of the ZIKV genome contains RNA structures. Despite previous characterisation
of some RNA structures within the first 200 nts of the ZIKV genome, such as stem loop A, this
region remains understudied and may contain additional RREs which are important for ZIKV
replication [152]. The ZIKV 3’ UTR is around 430 nts in length and the 3’ end of the genome
lacks a poly(A) tail. During initiation of translation cellular mRNAs circularise via interaction of
the poly(A) binding protein (PABP) to the 5’ and 3’ ends of the mRNA. ZIKV genomes lack a
poly(A) tail and evidence suggests that PABP binds RNA elements within the 3' UTR, in order
to enhance translation efficiency. The interaction of purified PABP with [a-32P] labelled DENV
3" UTR RNA was investigated using electromobility shift assays by native PAGE, where a
greater shift was observed at higher concentrations of 3' UTR RNA. Incubation of PABP with
extreme 3’ end of the UTR alone showed no binding, indicating that PABP interactions occur
in the upstream region of the 3' UTR [181,182]. During RNA replication, complimentary
conserved sequence elements at the 5' and 3’ ends of the genome stabilise genome
cyclisation [183], which is discussed in greater detail in section 1.3.5.2.
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Figure 1.9 ZIKV genome organization.

The coding region expresses a single polyprotein which is processed into individual proteins.
The structural proteins (marked in blue) form the virus particle, whilst the non-structural
proteins (marked in green) are responsible for replicating the viral genome. The coding region
is flanked by 5" and 3’ untranslated region, which are highly structured.

Figure 1.10 ZIKV lifecycle summary.

A) ZIKV attaches to the cell surface via surface receptors and is internalized by endocytosis. B)
Endosome maturation causes a more acidic pH, resulting in virion uncoating and genome
release. C) Viral proteins are translated at the ER surface. D) Viral non-structural proteins
replicate the viral genome in membrane bound complexes. (i) negative sense RNA is
synthesised. (ii) Positive sense RNA is sythesised from negative RNA templates. Some new
positive sense templates are used as templates for more negative sense templates. (iii)
Positive sense RNA is packaged into immature virus particles. E) Furin cleavage of prM in the
Golgi results in virus particle maturation. F) Mature virus particles are released. + denotes
positive sense genomes, - denotes negative sense genomes.

Following infection of the human body, ZIKV targets a variety of tissues and cells. Studies of
pregnant mice, infected subcutaneously with ZIKV, identified high levels of infectious virus
(detected by plaque assay) and high levels of ZIKV RNA by RT-PCR within the placenta and
foetus head. High levels of ZIKV were also detected in the blood spleen and brain. Levels of
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ZIKV RNA were 1,000-fold greater in the placenta than in the maternal serum, indicating that
ZIKV preferentially replicates in the placenta. RNA fluorescence in situ hybridization in
histopathological samples of mice placentas identified that ZIKV infects trophoblast cells
[184]. Cell culture-based studies have shown that a number of human trophoblast derived
cells lines are permissive to infection using immunofluorescence. Human brain microvascular
endothelial cells were shown to be permissive to infection by RT-PCR however, primary
human trophoblasts were resistant to infection, with only low levels of viral RNA detected.
The authors attribute this resistance to the constitutive release of type lll interferon by these
cells [185]. ZIKV RNA has been detected by RT-PCR in the brain, cerebrospinal fluid, urine, and
saliva of rhesus macaques [186] and in pigtail macaque eyes [187]. In addition, ZIKV infection
reduces the size of the testes in mice and high levels of ZIKV RNA were detected in the male
reproductive tract by RT-PCR [188].

The ZIKV lifecycle is summarised in Fig. 1.10. The ZIKV E protein is present on the virus particle
surface [189] and attachment of ZIKV to the surface of host cells has been linked with binding
to glycosaminoglycans (GAGs). ZIKV E protein has been shown to bind to placental GAGs using
surface plasmon resonance [190]. A range of host receptors may contribute to virus entry, for
example removal of sialic acid from the surface of Vero cells by incubation with
neuraminidase caused a reduction in viral titre [191]. In addition, pre-incubation with anti-AxI
antibodies caused impaired viral replication in male reproductive Sertoli cells, as determined
by plaque assay [192] and human umbilical vein endothelial cells, as analysed by flow cell
cytometry [193]. ZIKV enters host cells via clatherin mediated endocytosis. Treatment of host
cells with either chlorpromazine (which prevents assembly of clatherin associated pits) or
pitstop2 impaired virus replicon, as determined by RT-PCR [194].

Receptor bound virus particles are internalised in endosomes which mature into late
endosomes. Changes in pH are proposed to trigger rearrangement of the E protein, exposing
fusion peptides which carries out fusion of the viral and endosomal membranes. The viral
RNA is then released into the cytoplasm via a fusion pore [195]. ZIKV infection requires acidic
endosomal pH, as treatment of human glioblastoma cells with NH4Cl (which raises pH of
intracellular acidic vesicles) or chroloquine (an inhibitor of endosomal acidification) resulted
in reduction in viral titre/ viral RNA detected by RT-PCR [194]. DENV E protein trimer insertion
into liposomal membranes has been visualised using electron microscopy and the structure
of the E protein trimer has been solved by x-ray crystallography. DENV E protein was
expressed in Drosophila melanogaster Schneider 2 cells and purified from cell supernatant
using immunoaffinity chromatography. Purified E protein was then combined with liposomes,
which resulted in the formation of E protein trimers. Trimers were eluted and further purified
by gel filtration before, being used to generate crystals. The trimer structure contains fusion
loops, which are thought to be inserted into the endosomal membrane [195]. WNV has been
shown to fuse with liposomes at pH 6.3, but not at pH 7.4, indicating that pH is essential for
membrane fusion. Membrane fusion was measured using a pyrene-labelled WNV, whereby
membrane fusion results in dilution of pyrene-labelled phospholipids into the liposome,
resulting in a decrease in fluorescent signal [196].

Following release into the cytoplasm the positive-sense genomic RNA is translated as a

polyprotein precursor, which is subsequently cleaved into the viral proteins. Polyprotein
processing involves both host and viral proteins. For example, NS1/NS2A cleavage occurs
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when NS1/NS2A is in vitro translated in the presence of dog pancreas microsomes (which
contain membrane organelles similar to the ER and signal peptidases) and visualised by SDS-
PAGE. The authors therefore propose that NS1/NS2A cleavage is mediated by a signal
peptidase contained in the ER [197]. Cleavage of the NS4B/NS5 precursor has been
demonstrated by the NS2A-NS3 complex in vitro (discussed further in section 1.3.5.6) [198].

Viral RNA replication occurs in membrane compartments, formed by NS4A integration into
the ER membrane and remodelling the ER into virus replication vesicles (further discussed in
section 1.3.5.7) [199]. Immunofluorescence microscopy of DENV infected cells indicates that
dsRNA co-localises with viral proteins such as NS2B in the perinuclear space, indicating the
site of viral RNA replication. Further analysis using electron microscopy revealed a complex
set of membrane structure in DENV infected cells, which is derived from the ER, as
determined by immuno-gold EM using the ER marker calnexin and immunofluorescence
microscopy, using the smooth ER maker Syntaxinl7. In addition, immuno-gold EM identified
both viral protein and RNA in the ER derived membranes. Electron tomography analysis
indicates that the induced membranes structures may form a large interconnected network
of membranes [200]. RNA replication inside membrane structures likely functions as a means
of bringing the components of the replication complex into close proximity, in addition to
preventing recognition by the immune system. Positive-sense genomic RNA acts as a
template for synthesis of intermediate negative-sense RNA, which in turn acts as a template
for positive-sense RNA synthesis. New positive-sense strands are either packaged, enter a
new cycle of RNA replication or act as mRNA for further translation of viral proteins. RNA
replication is dependent on a number of viral RNA and protein factors, which are discussed in
section 1.3.5.

Immature, non-infectious virus particles are proposed to form in the ER. Immunofluorescence
analysis of TBEV infected cells confirmed that both E and prM localise to the ER, whilst
electron microscopy experiments revealed that virus like-particles were present in the rough
and smooth ER [201]. In order for virus particles to mature and become infectious, prM must
be cleaved into M. Cleavage of prM has been linked with the cellular protein furin. In vitro
reactions, where immature TBEV was incubated with recombinant bovine furin indicate that
furinis able to cleave prM, as the cleavage products were visualised by immunoblotting. Furin
cleavage was shown to be pH dependent, as cleavage was inefficient at higher pH values. In
furin deficient human colon adenocarcinoma derived epithelial cells (LoVo), prM was not
cleaved when cell lysates were analysed by immunoblotting, indicating that furin is the
cellular protein responsible for cleavage. In addition, immature TBEV particle can be
generated by treatment of primary chicken embryo cells with 20 mM ammonium chloride,
which raises the pH of intracellular compartments, thereby preventing prM cleavage. Since
furin is highly expressed in the Golgi, flaviviruses are proposed to be trafficked through the
Golgi [202]. After assembly, flavivirus particles exit the cell via the plasma membrane. Virus
particles have been observed to accumulate at the plasma membrane using electron
microscopy and were shown to be released from the plasma membrane by small-vesicle
exocytosis. The authors suggest that individual virus particles are released in small exocytosis
vesicles [203].
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1.3.5 Flavivirus RNA replication

1.3.5.1 Flavivirus RNA structures

SLA
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cHP P,
5’UAR )

)AUG | ZIKV structural and

5'CS non-structural proteins
// |
5"UTR C prM 4 3’ UTR containing
3’ cyclisation
sequences

Figure 1.11 Schematic of ZIKV RNA structures in the 5' UTR and adjacent coding region
RREs SLA, SLB and cHP have been characterized in related flaviviruses and are known to
function in virus replication. Downstream RNA structures have not been previously
characterized in ZIKV and were mapped in the current study. The 5 UAR and 5’ CS bind to
complementary sequences in the 3’ UTR during genome cyclisation. (Schematic is based on
RNA SHAPE models shown in chapter 4).

RNA structures are present across the flaviviruses, indicating a high degree of selection
pressure for them to be maintained [152,204]. Given the high level of conservation for several
RNA structures amongst the mosquito born flaviviruses (e.g. DENV, WNV), conclusions about
the function of RREs are often broadly applicable to closely related viruses. For example,
conclusions drawn from studies into RREs in DENV have been subsequently shown to also
apply for ZIKV and WNV [205-207]. At the current time DENV has been more widely studied
than ZIKV, and given the high level of sequence conservation between the two viruses [131],
much of the background for RNA structures in flaviviruses presented in this thesis has been
derived from studies investigating DENV.

The 5' UTR and adjacent coding region of flavivirus genome contains several highly conserved
RNA structures which are essential for genome replication; consequently, deletions within
this region result in impairment of virus replication [208,209] (Fig. 1.11). The first conserved
structure is stem-loop A (SLA). Formed from approximately 70 nucleotides at the upstream
end of the 5’ UTR, SLA acts as a promoter for viral RdRp binding and activation. SLA is
discussed further in section (i) [152,210]. A second conserved structure named stem loop B
(SLB), is found immediately downstream of SLA. Consisting of 30-50 nucleotides, SLB contains
the 5" upstream AUG region (UAR) sequence that is essential in forming long range RNA-RNA
interactions between both ends of the virus genome during replication [211]. SLB is discussed
further in section (ii). The third conserved flavivirus RNA structure is the capsid-coding region
hairpin element (cHP), which is involved in start codon recognition and is required for efficient
replication [205]. cHP is discussed further in section (iii).
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The flavivirus 3' UTR ranges between 400 and 700 nucleotides in length and consists of three
domains, which have been confirmed by intracellular SHAPE mapping [152,212]. RNA
structures present in domain | are involved in the production of sub-genomic flavivirus RNAs
(sfRNA). During flavivirus infections, the viral genomic RNA may be digested by the host 5’ -
3’ exoribonucleases (XRNs). In ZIKV, two tight pseudoknot RNA structures (xrRNA1 and 2) in
domain | cause the XRNs to stall, leaving the remaining 3’ RNA undigested [213]. When the 5’
UTR or viral proteins were deleted in a WNV replicon system (in addition to replication
deficient replicons), sfRNA production was not affected, indicating that sfRNA generation is
dependent on cellular factors rather than viral factors. In addition, siRNA depletion of XRN-1
resulted in reduced sfRNA production in WNV infected A549 cells, as detected by northern
blot [214]. Northern blot analysis of total RNA from WNV infected cells confirmed the
presence of two sfRNAs of different length, reflecting the positions of the two RNA structures.
Mutation of xrRNA1 results in loss of sSfRNA 1 detection and mutation of xrRNA2 results in
loss of sfRNA 2, indicating that sfRNA production is dependent on these structures [215].
Northern blotting of ZIKV infected mammalian and insect cells lines confirmed sfRNA
production and the crystal structure of xrRNA1 has been solved [213]. Mutations which
prevent sfRNA production resulted in reduced viral titre in both Vero and C6/36 cells [214]
and production of flavivirus sfRNAs has been linked to evasion of IFN responses. An sfRNA
deficient WNV replicated more efficiently in mice deficient in major factors associated with
the IFN response compared with WT mice as determined by RT-PCR of serum samples [216].
In Aedes aegypti mosquitoes, ZIKV deficient in sfRNA production was shown to have a lower
viral titre in mosquito saliva than WT ZIKV [217].

Domain Il in ZIKV contains two dumbell secondary structures which have been confirmed by
SHAPE mapping and are predicted to form pseudoknot interactions [212,218]. SHAPE analysis
of domain Il showed that potential pseudoknot interactions are disrupted by mutagenesis, as
N-methyl-nitroisatoic anhydride (NMIA) reactivity for nucleotides involved in pseudoknot
formation was increased in the mutant RNA [218]. In DENV, mutation of the dumbbell
structures led to reduced replication of a replicon, measured by RT-PCR, but did not impair
translation (measured by luciferase expression), indicating a role in RNA replication [219].
Domain Il contains two RNA structures, a functional short hairpin (sHP) and a terminal 3’ stem
loop (3" SL), as indicated by intracellular SHAPE reactivities [212]. sHP consists of a 5-
nucleotide stem with a highly conserved 6 nucleotide apical loop. Mutations which disrupt
sHP base pairing were shown using immunofluorescence to impair DENV replication in BHK
cells. DENV isolates with reversion mutations, which are predicted to restore sHP structure,
emerged after 12 days post infection [220]. Mutations which disrupt base pairing within the
upper portion of the 3' SL have been shown to be lethal to replication in DENV, as no
infectious virus was detected in Rhesus monkey kidney epithelial cells at up to 20 days post
electroporation. Mutations affecting the sequence of the upper portion of the 3’ SL impaired
virus replication, but were not lethal for replication, indicating that the structure of the 3’ SL
is more critical than the sequence [221]. In WNV, mutations within the base region of the 3’
SL were lethal for replication, as no virus was detectable by plaque assay after transfection of
viral RNA [222]. In addition, the host protein translation elongation factor-1 alpha has been
shown using electromobility shift assays to bind the 3’ SL, and the authors propose that this
interaction may play a role in targeting viral RNA into intracellular membranes [223].
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Figure 1.12 Labelling of SLA sub-regions

SLA binds the viral polymerase NS5, allowing RNA replication to initiate from the 3’ end of the
viral genome. All sub-regions have been shown to function in flavivirus replication, for example
mutations which disrupt base pairing in the S1 and S2 regions impair virus replication.

The flavivirus RRE SLA, found at the 5’ end of the 5’ UTR, is described as having a Y-shape
structure, with a heteroduplex base paired stem with an unpaired apical top loop and a short
side stem [224]. SLA is highly structurally conserved between mosquito borne flaviviruses,
such as DENV and WNV. The structure of SLA is inverted in tick-borne encephalitis virus, with
the side stem present on the opposite side of the stem, and in the mosquito specific Aedes
flavivirus the side stem is truncated [152]. SLA functions as a promoter of viral RNA synthesis,
by acting as a binding site for the viral RdRp prior to initiation of RNA replication at the 3’ end
of the genome (discussed further in section 1.3.5.8) [207,224]. Much of the molecular detail
for the function of SLA has been obtained from studies using DENV, which is closely related
to ZIKV [131].

Several mutations within the unpaired apical top loop, base paired stem and short side stem
regions of SLA were shown to inhibit RNA replication in a sub-genomic DENV replication,
without affecting translation. Virus replication was measured using immunofluorescence and
additionally for ZIKV, using a luciferase expressing replicon and qRT-PCR. Translation was
measured using an NS5 knockout DENV replicon expressing firefly luciferase, which has a
translation dependent luciferase signal at 10-20 hours post transfection but does not show a
second, replication dependent, luciferase signal, which is seen in the WT replicon after 40
hours [207]. The base paired stem region can be further divided into three regions as shown
in Fig. 1.12. Mutations which disrupt base pairing in DENV regions S1 and S2 were shown
using immunofluorescence, over a period of 1-8 days post infection, to impair virus replication
and compensatory mutations (which restore base pairing using alternative nucleotides)
restored replication [207,224]. In ZIKV, disruption of the S2 region caused a significant
reduction in virus replication, whilst complementary mutations restored replication, although
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not to a WT level [206]. By contrast, mutations disrupting the structure of the S3 regions
showed replication similar to WT DENV, although deletion of the S3 region abolishes viral
replication. Deletion of the S3 region impaired viral polymerase activity, as measured by [a-
32p] GMP incorporation into RNA templates, indicating that the promoter activity of SLA was
lost by this mutation, i.e. SLA can no longer bind to the polymerase [207]. In addition,
mutation of the U bulge which separates the S1 and S2 regions showed impaired replication,
when U nucleotides were changed to A, although the presence of only one U nucleotide was
sufficient for replication [207].

Likewise, the need for the apical top loop and short side stem regions have been investigated.
Mutations disrupting the structured region of the short side stem in DENV impaired virus
replication, whilst compensatory mutations restored replication. In contrast, mutations
changing the sequence of the non-base paired nucleotides of the side stem had no effect on
replication. Deletion of the entire side stem abolishes viral replication and impaired SLA
polymerase activity in vitro, as measured by [a-32P] GMP incorporation into RNA templates
[207,224]. Mutations which change the sequence of the 5 nucleotide SLA apical top loop
impair virus replication [207,224]. Gamarnik et al. introduced a mutation which reduced the
size of the apical top loop to 3 nucleotides, which impaired virus replication. However, by six
days post transfection, a spontaneous insertion mutation occurred which restored the apical
top loop from 3 nucleotides to 5 nucleotides, but with a non-WT sequence (CAGAU—AAGAC)
and this had the effect of restoring replication [207]. Similarly in ZIKV, mutation of unpaired
nucleotides in the apical top loop impaired virus replication [206]. Analysis of ZIKV long range
RNA interactions identified that much of the SLA has covariance with a region of the ZIKV
genome around 1100 nucleotides downstream, indicating that this interaction may play an as
yet unknown role in the virus lifecycle [212].

Downstream of SLA is a region of nucleotides termed the oligo(U) track, which also plays a
role in RNA replication. In DENV, deletion of the 3, 6 or 10 nucleotides from this sequence
impaired replication, with a greater effect seen as more nucleotides are deleted. Insertion of
addition nucleotides (6 or 10 nucleotides) resulted in increased levels of RNA synthesis. The
authors suggest that a minimum of 10 residues must be present in this region for efficient
RNA synthesis to occur [207].

(i)  SLB

Stem loop B contains the 5" UAR sequence. During genome cyclisation, the 5" UAR sequence
hybridises with a complementary sequence in the 3’ genome region (3’ UAR) [211]. In
addition, the proposed 5’-UAR-flanking stem (UFS) is formed by the nucleotides found within
the base region of SLB (genome cyclisation and the role of the UFS switch are discussed in
detail in section 1.3.5.2) [225]. Studies investigating the requirement of the 5’ RREs SLA and
SLB for RNA replication revealed that templates containing folded SLB structures blocked RNA
synthesis, regardless of the presence of an active SLA promoter. Templates lacking SLB or
containing sequences in which SLB base pairing was disrupted were competent for RNA
replication [226], indicating that SLB plays a role in regulating RNA replication by blocking RNA
replication initiation.
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(i)  cHP

The third 5’ flavivirus REE, cHP, is a short hairpin which has been shown to play a role in
regulation start codon selection [227]. cHP is found 14-15 nucleotides downstream of the first
AUG start codon at the terminal of the capsid coding region, a distance which corresponds to
the footprint of a ribosome paused over a start codon. During translation initiation, the 43S
ribosomal complex scans from the 5 end of an RNA molecule until a start codon is
encountered [228]. The ribosome complex is hypothesised to stall at cHP, thereby positioning
the AUG-recognition site directly over the start codon, which has the effect of enhancing
translation initiation from the first AUG site [229-231].

In order to investigate the role of cHP in translation initiation, Clyde and Harris performed
mutagenesis to disrupt DENV cHP base pairing. This resulted in reduced translation from the
first start codon (compared with a second downstream start codon), indicating that the
unstable cHP structure was unable to stall the ribosome complex. Translation start codon
selection was measured using a T7 promoter construct containing, the 5 and 3’ UTRs and a
C-FLAG fusion protein transfected into mammalian and insect cells. Immunoblotting was used
to detect 15t and 2" start codon translation initiation products, which have a detectable size
difference, from cell lysates [227]. Stabilisation of the cHP structure by increasing the GC
content resulted in greater levels of translation initiation from the first start codon, as
presumably the more stable cHP is more effective at stalling the ribosome complex. The
function of cHP is dependent on its position in the genome, as moving cHP upstream or
downstream of the WT position results in inhibition of translation initiation from the first
AUG. In addition, replacement of the WT cHP sequence with a heterologous sequence, which
forms a similar hairpin, leads to translation initiation which is similar to WT, indicating that
cHP ribosome stalling is sequence independent [227]. Mutations destabilising the cHP
structure cause a reduction in viral titre and passaging of destabilised cHP viruses in BHK cells
results in spontaneous compensatory mutations which restore cHP base pairing and restore
WT levels of replication [205].

When cHP is disrupted, first start codon selection still occurs at around 40% of WT [227]. It is
important to note that whilst disruption of cHP reduces translation from the first AUG, the
overall level of translation is unaffected, due to the presence of a second downstream AUG.
If the translation machinery bypasses the first AUG, translation is initiated from the second
AUG. Mutation of either the first or second AUG sequence causes a reduction in viral titre,
indicating that both AUGs are required for viral replication [227].

In DENV, translation of input RNA occurs within the first few hours of transfection, after which
viral translation is reduced. A second peak of translation occurs by 48 hours, which is
dependent on synthesis of new RNA transcripts. A lack of translation in the second peak
indicates that RNA synthesis is defective. Using a DENV replicon, Harris et al. [205]
demonstrated that disruption of cHP has no effect on input translation (0-8 hours post-
transfection), but significantly reduces translation at later time points (48 and 72 hours).
These results indicate that the cHP disrupted mutant initially translates at a WT level, but
does not progress to the second peak of translation due to defects in RNA synthesis. In
addition, in DENV and WNV replicons, less viral RNA was detected in cells transfected with
cHP mutant RNAs and NS1 expression was reduced at both 18 and 22 hours post infection in
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infectious clones [205]. The authors propose a model suggesting that during translation, cHP
acts to direct start codon selection by enhancing initiation from the first AUG and that cHP
also functions in RNA replication, forming part of the 5° RNA complex which binds to the
replication complex or functioning by stabilising the circular genome conformation [205].

1.3.5.2 Flavivirus genome cyclisation

Flavivirus genomes exist in both a linear conformation (in which the 5 RRE SLB is present) and
a circularised conformation (in which complementary sequences in the 5 and 3’ of the
genome hybridise and SLB is no longer formed) (Fig. 1.13). Mutant genomes which shift the
equilibrium in favour of either conformation undergo reversion mutations, which restore the
equilibrium of both linear and circularised genome conformation, indicating that both forms
are required for efficient replication [220]. Genome cyclisation is proposed to have a critical
role in viral RNA replication, at the stage of initiation of negative-sense RNA synthesis (Fig.
1.14). In the proposed model, the viral RdRp binds to the 5’ Flavivirus RRE SLA. In order to
bring the polymerase into proximity with the 3’ initiation site, at the opposite end of the viral
genome to SLA, the genome undergoes cyclisation via long-range RNA-RNA interactions
between complementary sequence elements. The cyclised conformation allows the
polymerase to access the 3’ end of the genome and therefore initiate minus strand synthesis
[8,232]. The requirement for SLA binding and genome cyclisation has been proposed to have
several advantages. These include improved RNA stability, and allowing discrimination
between viral templates and host templates which populate the ER. Genome cyclisation may
also allow the RNA replication machinery to sample the ends of the genome, meaning that
only full length genomes act as templates [232,233]. It has been suggested that the linear to
circular genome switch acts as a mechanism for controlling the levels of negative sense RNA
produced, as significantly more positive sense genomes are produced during an infection. In
addition, the two genome conformations may regulate the switch between virus replication
and translation, with circular genomes acting as templates for replication and linear
templates act as templates for translation [220].
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Figure 1.13 Model of flavivirus genome cyclisation.

A) In the linear genome conformation, the RNA structure SLB is present and the 5’ and 3’
complementary sequences are not base paired. B) Genome cyclisation is mediated by
complementary sequences found within the 5’ and 3’ regions of the genome, termed the
upstream of AUG region (UAR) and cyclisation sequences (CS). In the circularized genome
conformation, the 5" and 3’ complementary sequences hybridise, resulting in the loss of SLB

and reconfiguring the structures at the 3’ end of the genome. Adapted from Villordo et al
[183].
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Figure 1.14 Proposed model for the initiation of negative sense viral RNA synthesis.

The viral polymerase (RdRp) binds to SLA at the 5’ end of the genome and the genome is
circularised by hybridisation of the upstream of AUG region (UAR) and cyclisation sequences
(CS). Genome cyclisation brings the bound polymerase into the proximity of the 3’ end of the
genome, initiating RNA synthesis. Adapted from Villordo et al [183].

Complementary sequences which mediate genome cyclisation were first identified in the 5’
and 3’ ends of mosquito-borne flavivirus genomes in the 1980s [234] and these sequences
were later shown to be essential for virus replication, without affecting translation [235,236].
These sequences, termed the 5 and 3’ cyclisation sequences (5 and 3’ CS) were
demonstrated to be necessary, but not sufficient for genome cyclisation, which led to the
identification of further cyclisation sequences in a region upstream of the AUG start codon
[211,237]. Gamarnik et al. performed RNA binding assays using RNA molecules which
represent the 5’ and 3’ ends of the DENV genome. Sequences within the 5’-3' CS and the
upstream of AUG region (UAR) were mutated, which prevented the formation of RNA
complexes, indicating that both regions are required for genome cyclisation [211].
Additionally, disruption of UAR base pairing was demonstrated to impair RNA synthesis (but
not translation) in a DENV replicon system and in the context of an infectious virus system,
disruption of the 5’ or 3’ UAR resulted in spontaneous mutations which restored base pairing
and rescued virus replication [238]. In ZIKV, mutation of the 5’ CS to prevent hybridisation
with the 3’ CS caused inhibition of virus replication. Compensatory mutations, which
reconstituted the 5’-3' CS interaction with alternative sequences, restored replication but to
a lower level than WT [206]. Sweeney et al. proposed that genome cyclisation in ZIKV and
DENV blocks initiation of viral translation, as the structures formed by hybridisation of the
cyclisation sequences blocks ribosome scanning of the RNA [239]. This therefore indicates
that the two genome conformations play distinct roles in the virus lifecycle: with the circular
conformation essential for RNA replication and the linear form essential for translation.
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An additional factor proposed to play a role in the cyclisation process is the 5'-UAR-flanking
stem (UFS). The UFS encompasses the base of the flavivirus RRE SLB and was shown to be
base paired by in vitro SHAPE mapping [225]. Disruption of base pairing within the UFS by
mutagenesis showed impaired replication in a DENV replicon and an infectious ZIKV system.
Reconstitution of the UFS structure using alternate base pairing rescued replication,
indicating that the UFS functions in a structure dependent, sequence independent manner.
The UFS has also been proposed to play a role in RdRp recruitment to viral RNA, as RNA
molecules in which UFS base pairing had been disrupted had reduced affinity for the NS5
protein in EMSA experiments. The authors propose a model in which the base paired UFS
promotes binding of NS5 onto genomes which have a linear conformation. Once the RdRp
binds, the genome folds into a circularised conformation, during which the UFS structure
unfolds, decreasing the affinity of NS5 to the 5’ end of the genome and therefore facilitating
transfer of NS5 to the 3’ end of the genome, where negative sense RNA replication is initiated
[225].

1.3.5.3 RNA structures in other members of the Flaviviridae family

RNA structures at the 5’ end of the flavivirus genera genome differ from those found in other
viruses in the Flaviviridae family. The genomes of Hepaciviruses, such as HCV, contain a highly
structure region within the 5’ UTR of the genome (and around 30 nts into the coding region),
known as an internal ribosome entry site (IRES) [240]. Using cell free translation assays using
a dicistronic RNA, containing a capped methylated region expressing a chloramphenicol
acetyltransferase reporter protein at the 5’ region and a second HCV RNA region. Both the
capped reporter region and the HCV region were translated when the translation experiment
was performed using rabbit reticulocyte lysate. In contrast, using lysates from human cervical
cancer cells which had been infected with coxsackievirus Bl (which suppresses cap-
dependent translation), only the HCV region was translated, indicating that HCV contains an
IRES [241].

Chemical and enzymatic probing of the HCV IRES sequence revealed the structure of the IRES,
which consists of 2 major domains. Domain Il contains a single large RNA stem loop structure,
with two subdomains, lla representing the base of the stem and llb representing the top of
the stem. Domain Ill contains branching hairpin stem loops, with the base of domain IlI
containing a 4-way junction, which contains a pseudoknot interaction (llIf) and a small stem
loop (llle). The middle part of domain Il consists of a 3-way junction with a conserved stem
loop (llld). The upper part of domain Ill contains a 4-way junction (lllabc) [242]. In addition,
the structure of the HCV IRES has been confirmed using both x-ray crystallography [243] and
NMR [244].

Members of Pestivirus genera, such as classical swine fever virus (CSFV), also contain an IRES
in the 5’ region of the genome, which is structurally similar to the HCV IRES [245,246]. Using
HCV and CSFV, IRES mediated initiation of translation was shown to occur in the absence of
eukaryotic initiation factors. HCV and CSFV IRES RNA sequences were shown to bind 40S
ribosomal subunits by incubating short RNAs containing the IRES sequence in rabbit
reticulocyte lysate in the presence of a nonhydrolyzable GTP analogue that causes 48S
complex accumulation. The ribosome/ viral RNA complexes were then resolved using sucrose
density gradient centrifugation. Both the HCV and CSFV RNA were able to form ribosome
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complexes when eukaryotic initiation factors were omitted from the experiment, therefore
indicating that IRES binding to the ribosome is not dependent on these factors [247].

In addition, the genomes of Pegiviruses, such as G. Barker viruses A and C (GBV-A, GBV-C) also
contain IRES RNA element in the 5’ region of the genome. The IRES sequences in GBV-A and
GBV-C were investigated using bicistronic constructs, where the IRES sequences from GBV-A
and GBV-C were inserted between a chloramphenicol acetyltransferase reporter and a
luciferase gene. In vitro transcription and translation assays were used to determine
translation of both products, whereby translation of the luciferase gene was used as an
indication of IRES dependent translation. Luciferase activity was measurable when the
bicistronic constructs contained the GBV-A and GBV-C IRES sequence in the sense orientation,
but not when the IRES sequence was in the antisense orientation [248]. The authors also
present secondary structure predictions for the RNA structures in 5’ region of the genomes
of Pegiviruses, based on a combination of thermodynamic models and phylogenetic analysis.
The secondary model indicates the 5’ regions of GBV-A and GBV-C contain 5 structural
domains. Domain | contains a stem loop, consisting of a top loop region and a base region
which contains a side stem. Domain Il contains a single large stem loop structure. Domain I
contains two small stem loop structures, the first of which is predicted to form a pseudoknot
interaction with the nucleotides immediately upstream of itself. Domain IV contains a large
RNA stem loop with a base region, containing a short side stem, and a top region containing
a non-base paired bulge region. Domain V contains a short RNA stem loop with top and side
stem of roughly equal length [248].

In addition to the 5’ region RNA structures, an RNA element within the RNA dependent RNA
polymerase coding region of HCV has been shown to be required for RNA replication. Termed
5BSL3 the structure is formed by 171 nt of the C-terminus of the RNA dependent RNA
polymerase coding region. Structure probing analysis using RNase digestion revealed that
5BSL3 has a cruciform structure. Mutations were introduced to disrupt folding of one of the
cruciform arms, termed 5BLS3.2, which consists of an upper and lower helix, a base terminal
loop and a side loop. Mutations within 5BLS3.2 resulted in a lack of HCV growth when 5BLS3.2
mutant RNA was transfected into Huh7.5 cells and inhibited replication in a HCV sub-genomic
replicon system, indicating that 5BLS3.2 plays a role in HCV genome replication [249].

The 3’ region of HCV contains an approximately 40 nt variable region, a poly (U/UC) tract and
a 98 nt X tail. The variable region contains two RNA stem loops, and deletion of either one or
both of these stem loops was shown to impair replication in a HCV replicon assay [250]. Using
replicon assays, the length of the poly (U/UC) tract required for efficient replication was
investigated. Replicons containing polyuridine tracts of 46 or 26 nt replicated as efficiently as
those containing the parental 83 nt a poly (U/UC) tract [250]. The structure of the 98 nt X tail
was determined using RNase digestion experiments. The X tail consists of three RNA stem
loops, with the 3’ most RNA stem loop being elongated compared with stem loops 1 and 2
[251]. Deletion of the entire X tail region or any of the three stem loops individual resulted in
a lack of replication in luciferase replicon assays [250]. Taken together, these results indicate
that RNA elements within the 3’ region of HCV are important for efficient RNA genome
replication.
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1.3.5.4 Non-structural protein 1 (NS1)

The Flavivirus protein NS1 contains three domains and is found as both a dimer and as a
secreted hexamer [252]. Using an antigen capture enzyme-linked immunosorbent assay,
DENV NS1 was shown to be present at high levels (up to 15 pug/ml) in patients sera [253]. The
crystal structure for both dimeric and hexameric NS1 has been solved, with the dimeric form
containing a hydrophobic protrusion which may mediate interactions with membranes. Cryo-
electron microscopy analysis of secreted NS1 obtained from DENV infected Vero cell
extracellular media confirmed the hexameric structure and the presence of triglyceride lipids
was confirmed by treatment of NS1 with organic solvents, followed by thin layer
chromatography and NMR [254].

Incubation of WNV NS1 with large liposomes resulted in formation of small, NS1 coated lipid-
protein nano-particles when visualised using negative-stain electron microscopy, indicating
that NS1 has the ability to remodel membranes. This suggests that NS1 plays a role in
remodelling host membranes to form virus replication complexes [255]. Mutations within YFV
NS1 resulted in a decrease in released viral titre, with mutations in the N-terminal region
having a greater effect, indicating that NS1 plays a role in virus replication [256]. In DENV, NS1
has been shown using confocal and cryo-immuno-gold electron microscopy to co-localise
with dsRNA [257] and in Kunjin virus, immunofluorescence indicates that NS1 localises with
dsRNA, NS2B and NS3 in the perinuclear space, indicating that NS1 forms part of the
replication complex [258].

NS1 has been shown by co-immunoprecipitation to interact with the complement regulatory
protein factor H, using supernatants from BHK cells which stably expresses the WNV NS1-NS5.
Binding of NS1 to factor H in solution results in degradation of the complement protein C3b,
as shown by western blot. In addition, cell surface associated NS1 was shown using flow
cryometry to inhibit complement deposition at the cell surface. The authors therefore suggest
that NS1 prevents membrane attack complex formation at the cell surface [259].

1.3.5.5 Non-structural protein 2A (NS2A)

NS2A is a small hydrophobic protein which associates with the ER and has multiple roles in
viral replication. Bioinformatics analysis suggest that ZIKV NS2A has seven transmembrane
segments and using immunofluorescence microscopy has been shown to co-localise with the
ER membrane protein calnexin in the perinuclear region [260]. Kunjin virus NS2A has been
shown to co-localise with dsRNA, NS1, NS3 and NS5 in the perinuclear region by
immunofluorescent microscopy [261]. Mutagenesis of ZIKV NS2A resulted in a 10-fold
decrease in viral titre and caused inhibition of RNA synthesis in a replicon system. In a sperate
set of mutations, the sub genomic replicon was unaffected however, no virus was detectable
by plaque assay, indicating that NS2A may play a role in virus particle assembly [260]. In DENV,
mutagenesis blocking the N-terminal cleavage of NS2A impaired RNA synthesis in a GFP
expressing replicon [262].

The NS2A C-terminus is thought to be involved in RNA replication, as C-terminal alanine
substitution mutations impaired DENV replication when measured at 7 days post infection
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using immunofluorescence. Another set of mutations resulted in WT replicon replication, but
with low viral titre by transient trans-packaging experiments, where the DENV structural
proteins were supplied in trans, indicating a potential role in virus particle assembly [263]. In
addition, NS2A may play a role in inhibition of IFN signalling, as transfection of an NS2A
expressing plasmid into cells where an IFN response had been triggered enhanced replication
of Green fluorescent protein (GFP)-tagged Newcastle disease virus [264].

1.3.5.6 Non-structural protein 2B (NS2B)

NS2B acts as the co-factor for NS3 to form the NS2B-NS3 protease complex, which cleaves
the viral polyprotein. The crystal structure for the protease complex has been solved [265].
Protease activity has been demonstrated in vitro using a purified [>*S] Methionine-labelled
NS4B-NS5 substrate, where reactions were separated using SDS-PAGE. NS2B-NS3
demonstrated protease activity, whereas NS3 alone and NS2B/NS3 mutant precursor were
unable to cleave the substrate [198]. Crystallography based studies of the NS2B-NS3 in
complex with an aldehyde peptide indicate that NS2B may form part of the protease active
site [266].

1.3.5.7 Non-structural protein 3 (NS3)

The NS3 protein carries out enzymatic activities which are essential for flavivirus replication.
The N-terminal domain is a serine protease which, when acting with the co-factor NS2B, form
a protease which processes the viral polyprotein and the C-terminus contains an ATPase/
helicase domain which unwinds the viral RNA during RNA synthesis [267,268]. The crystal
structure for both the helicase and protease domain of DENV has been published [267]. ZIKV
helicase activity is dependent on ATP hydrolysis and ATPase activity was determined using
purified full length NS3 via a Malachite green colourimeter assay, which can detect free
organic phosphates released by ATP hydrolysis. Helicase activity was measured in vitro using
a FRET based assay, where fluorescence is quenched when nucleic acid strands are annealed
and fluorescence increases when strands are separated. The rate of nucleic acid unwinding
was increased in the presence of NS5. Additionally, mutations within the ATP binding region
impaired ZIKV replication in a luciferase expressing replicon and using mutant infectious virus
when quantified using RT-PCR [268].

NS3 also plays a role in RNA capping, measured using transfer of [a-32P] GMP to an RNA
substrate, visualised using PAGE. Radiolabelled GMP was not transferred to the RNA substrate
in the absence of either NS3 or NS5, indicating that both proteins are required for de novo
cap synthesis. The authors propose the following model: During viral genome synthesis the
RNA triphosphatase activity of NS3 removes the y-phosphate from the RNA and the modified
RNA then interacts with the NS5 methyltransferase-RNA guanylyltransferase (MTase-GTase).
Association of NS3 with NS5 increases GTase activity, resulting in transfer of [a-32P] GMP to
the modified RNA and creating a capped transcript which is methylated by the NS5 MTase
[269,270].
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1.3.5.8 Non-structural protein 4A/4B (NS4A/NS4B)

The C-terminal domain of NS4A is hydrophobic and is referred to as the 2K fragment. Using a
construct consisting of 2K-NS4B, cell free translation assays showed that cleavage of 2K is
dependent on the presence of microsomal membranes. Processing of NS4A-2K-NS4B was not
observed in cell free translation assays, but was observed when NS4A-2K-NS4B was expressed
in addition to NS2B/NS3 using in vivo transient expression assays. The authors suggest that
NS4A-2K-NS4B is first cleaved at the NS4A-2K junction, by the NS2B/NS3 protease, and then
the 2K fragment is cleaved from NS4B by signal peptidases [271]. The 2K fragment acts as a
signal for translocation of NSB4 to the ER. Immunofluorescence microscopy of HEK 293T cells
expressing 2K-NS4B shows co-localisation of 2K-NS4B and the ER marker Calreticulin [272].

NS4A is a transmembrane ER associated protein and is thought to induce membrane
modifications which fold the ER membrane into replication vesicles [199,273]. NS4A has been
shown using immunofluorescence to co-localise with dsRNA and other viral proteins in
membrane bound complexes found in close proximity to the ER. Electron microscopy analysis
of NS4A expression in Huh7/T7 cells revealed that NS4A induces cytoplasmic membrane
rearrangement. The membrane remodelling activity may be regulated by the 2K fragment, as
NS4A/2K expression did not induce membrane remodelling and was localised to the ER [199].
NS4A has been reported as having an N-terminal alpha helix in DENV, which has been shown
using surface plasmon resonance (Biacore L1 chip) to bind membranes immobilised on a chip
surface, whilst mutations within the alpha helix reduced membrane binding. NS4A alpha helix
mutations were also shown to impair replication of a luciferase expressing DENV replicon
[273]. NS4B is also a membrane associated protein which associates with ER derived
membranes and has been shown to co-localise with dsRNA and NS3 using
immunofluorescence microscopy of DENV infected cells [274].

NS4A/NS4B has been shown to reduce protein Akt phosphorylation, which supresses Akt-
mTOR signalling, an essential pathway in neurogenesis from neural stem cells, determined by
immunoblotting of ZIKV infected human foetal neuronal stem cell lysate. Expression of either
NS4A or NS4B from a stably expressing vector resulted in reduced Akt phosphorylation at
positions Thr308 and Ser473, whereas co-expression of NS4A/NS4B reduced mTOR
phosphorylation at position Ser2448. In addition, expression of NS4A and NS4B in human
foetal neuronal stem cells, increases microtubule-associated protein light chain 3 (LC3) | — Il
conversion, measured by immunoblotting (LC3-Il migrates further than LC3-1 when separated
by PAGE). Expression of NS4A/NS4B had a greater effect on LC3 conversion than either
protein in isolation. LC3 conversion is a widely used marker of autophagy, indicating that
NS4A-NS4B induce autophagy [275,276].

1.3.5.9 Non-structural protein 5 (NS5)

NS5 is the most conserved and largest of the ZIKV proteins [277]. The crystal structure of NS5
has been reported, consisting of an RNA-dependent RNA polymerase domain at the C-
terminus and a methyltransferase domain at the N-terminus [278]. The methyltransferase
activity of the N-terminal domain has been demonstrated in DENV by measuring Ado[methyl-
3H] Met addition to RNA substrates, using a filter binding assay. Transfer of the methyl group
from AdoMet occurred in the presence of capped, but not uncapped RNA transcripts [279].
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Additionally, NS5 plays a role in synthesis of the RNA cap structure. RNA GTases enzymes
catalyse a two-step reaction, first forming a covalent enzyme-GMP intermediate. DENV, WNV
and YFV NS5 were shown to form GMP-enzyme complexes when incubated with [a-32P] GTP,
by measuring levels of radiolabelled GMP when reactions were separated using SDS-PAGE. In
the second step of the capping reaction, GMP is transferred to an acceptor RNA molecule.
The authors incubated NS5 with 5'-diphosphate acceptor RNAs of 81 nts to determine if NS5
was capable of GMP transfer. In RNA acceptor molecules containing a 5 Guanosine
diphosphate nucleotide, GMP transfer was inefficient. In contrast, RNA acceptor molecules
containing a 5’ Adenosine diphosphate showed efficient [a-32P] GMP transfer, indicating that
NS5 has a preference for RNA molecules containing a 5’ Adenosine diphosphate nucleotide
[269]. The authors therefore suggest that NS5 is a true GTase, capable of catalysing both steps
of the RNA capping reaction.

NS5 is also responsible for viral RNA synthesis, carried out by the RNA dependent RNA
polymerase domain. ZIKV NS5 RNA synthesis, either de novo or from a primed template, has
been demonstrated using purified NS5, measured using [a-32P] CTP incorporation after
reactions were separated by PAGE. Mutations which cause the deletion of the MTase domain
resulted in a decrease in the amount of synthesised RNA product, indicating that the MTase
also plays a role in RNA synthesis [278]. Mutations within the thumb domain of the RdRP
reduced binding to fluorescein-labelled SLA (F-SLA) RNA molecules, where changes in
florescence intensity were used as a measure of binding of ZIKV NS5 in a fluorescence titration
assay. Using fluorescence anisotropy, (where binding reduces fluorophore tumbling speed,
resulting in detectable polarised emission), mutations within the MTase domain were shown
to reduce F-SLA binding affinity. Circular dichroism analysis of MTase mutants vs. WT showed
identical curves, indicating that the reduction in binding affinity was not due to structural
rearrangements [9]. ZIKV NS5 is also involved in immune regulation and can block interferon
signalling by targeting signal transducer and activator of transcription 2 (STAT2). Transfection
of increasing amounts of NS5 expressing constructs into HEK 293T cells resulted in decreasing
STAT2 expression, as measured by immunoblotting. STAT proteins are key signal transducers
of interferon-stimulated genes, therefore degradation of these proteins allows ZIKV to impair
interferon signalling [277].

1.4 Locked nucleic acids

Nucleic acid oligonucleotides have been investigated as potential antiviral agents since the
1970s, when Zamecnik and Stevenson used an antisense single-stranded synthetic DNA
oligonucleotide to target cyclisation sequences in Rous Sarcoma virus [280]. Since then,
advances in chemistry have enabled the synthesis of modified nucleic acids, which have
improved properties compared with natural nucleotides. Incorporation of modified basesinto
oligonucleotide sequences can improve binding affinity, specificity and nuclease resistance;
improving the antiviral effectiveness of these agents within the cellular environment.
Amongst the most widely used modified nucleotides are locked nucleic acids (LNA). In LNA
nucleotides, the ribose moiety is locked in a single conformational state. This effect is
achieved by the addition of an extra methylene bridge, which links the 2’-O- and 4’-C-atoms
and reduces the number of conformational degrees of freedom (Fig. 1.15) [281]. Depending
on the form of ribose, L- or D-ribose, LNA nucleotides can have either a C3'-endo (B-D-LNA)
conformation (similar to a ribose sugar), or a C2’-endo (a-L-LNA) conformation (similar to a
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deoxyribose sugar) [282,283]. In this thesis, the term ‘LNA’ is used synonymously to describe
B-D-LNA.
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Figure 1.15 LNA nucleotides

A) Schematic of DNA, RNA and LNA bases. LNA bases have an additional 2’0/ 4’-C bridge which
stabilises the ribose ring in an ideal conformational for Watson crick base pairing. B)
Incorporation of LNA bases into an oligonucleotide sequence increases the RNA binding Tm
and nuclease resistance of the oligo, in addition to preventing RNaseH activation.

LNA oligonucleotide designs are typically divided into two categories: mixmers and gapmers.
Gapmers consist of a central DNA segment, which is generally longer than 7-8 nucleotides,
flanked by two LNA segments at the 5’ and 3’ ends of the oligonucleotide. Gapmers are used
to inhibit mRNA expression. When an antisense gapmer binds to an mRNA target, the central
segment forms an DNA/ RNA hybrid, which is recognised by RNase H and enzymatically
cleaved [284-286]. In a mixmer, LNA and DNA nucleotides are interspersed within the
oligonucleotide sequence, avoiding RNase H activation and instead functioning via steric
hindrance [287,288].

1.5 Project aims and objectives

Functional RREs in both CHIKV and ZIKV are fundamental for efficient replication of the viral
genomes and represent a novel target for the develop of specific antiviral agents. Since no
specific treatments or vaccines are available for either virus, there is an urgent need to
investigate potential strategies for antiviral development. The aims of the thesis are to
investigate the potential of RNA structures within the 5’ regions of the CHIKV and ZIKV
genomes to act as targets for antiviral therapies.

Based on previously acquired knowledge of the CHIKV 5’ RREs, we designed a small panel of
antisense locked nucleic acid oligonucleotides to target specific RREs, with the aim of
disrupting essential RNA-RNA/ trans activating protein interactions which are required for
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RRE functions. Since we aimed to block RRE formation by steric hinderance, we chose to use
mixmer LNA oligonucleotides to target functional RREs in CHIKV. We studied the effect of
these antisense LNA oligonucleotides on CHIKV replication in both infectious virus and sub-
genomic replicon systems in order to determine the lifecycle stage at which antisense LNA
oligonucleotides act.

RNA structures within the 5’ region of the ZIKV genome were then characterised using a
combination of biochemical SHAPE mapping and thermodynamic algorithms. Based on the
RNA structural map generated by this process, we analysed understudied RNA structures
using reverse genetics, in order to determine the role of these structures in virus replication.
Antisense-LNA were also designed to target RNA structures within the ZIKV 5 UTR and
adjacent capsid coding region.

Objectives:

1. Target RREs in the CHIKV 5’ UTR and adjacent nspl coding region in order to inhibit
virus replication.

2. Characterise RNA structures in the 5 UTR and adjacent capsid coding region of the
ZIKV genome, using a combination of SHAPE mapping and reverse genetic
approaches.

3. Using data from objective 2, target specific RNA structures in ZIKV using antisense LNA
oligonucleotides.
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Chapter 2 Methods
2.1 Materials

2.1.1 Plasmids

CHIKV:

The CHIKV infectious clone (CHIKV ICRES), CHIKV-Firefly luciferase sub-genomic replicon (Fluc-
SGR) and CHIKV-translation reporter (Fluc-Rluc-(GDD>GAA)-SGR) cDNA clones are based on
the isolate LR2006 OPY1, representing the East Central South African genotype and have been
previously described [289]. Briefly, in Fluc-SGR, the second ORF (coding for the structural
proteins) is replaced by a firefly luciferase gene. The Fluc-Rluc-SGR (GDD>GAA) additionally
has a Renilla luciferase encoding gene fused within nsp3 and a GDD>GAA mutation in nsp4
which removes polymerase activity. Transfection control Renilla RNA (T7_Ren) contains a
Renilla luciferase gene under the control of a T7 promoter.

ZIKV:

pCCI-SP6-ZIKV infectious clone DNA (ZIKV IC) is based on a consensus sequence of Brazilian
Isolates of ZIKV. pCCI-SP6-ZIKV-N-luciferase (ZIKV N-luc IC) contains a truncated capsid coding
sequence fused to a nano-luciferase reporter, with an upstream FMDV 2A sequence. After
the FMDV sequence a second, full length codon optimised copy of capsid is present. pCCl-
SP6-ZIKV-N-luciferase sub-genomic replicon (ZIKV N-luc Replicon) is based on ZIKV N-luc IC,
but lacks the codon optimised structural proteins. ZIKV constructs were kindly provided by
Andres Merits (University of Tartu) [290]. pUC57-M-SLE, which contains the first 1500 bp of
the ZIKV IC sequence with M-SLE mutations, was purchased from Genewiz. pUC57-M-PK and
pUC57-M-SLD, which contains the first 1500 bp of the ZIKV N-luc IC sequence, in addition to
M-PK and M-SLD mutations respectively, was purchased from Genewiz. (The sequences
changes in the M-SLE, M-PK and M-SLD constructs are described in section 5.2).
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2.1.2 Primers

Oligonucleotide primers (IDT). The oligonucleotide sequences are provided in 5'-3'

orientation.

Table 1 Primers

Forward Reverse

ZIKV  Full | CGATTAAGTTGGGTAACGCCAGGGT | TAGACCCATGGATTTCCCCACACC

genome

ZIKV 1-772 | ATTTAGGTGACACTATAGAGTTGTTG | GCTCTTCTAGATCTCCGTGC

CHIKV 1- | TAATACGACTCACTATAGGGATGGC | CGCACTGCGCATCGGGCAGA

337 TGCGTGAGACACACG

CHIKV E1 | GCATCAGCTAAGCTCCGCGTC GGTGTCCAGGCTGAAGACATTG

region

ZIKV Outer | GTTGATCTGTGTGAATCAGACTG GCTTCGGCTCTTGGTGAATTG

amplicon

ZIKV Inner | CAGACTGCGACAGTTCGAG CAAGGTAGGCTTCACCTTGTG

amplicon

ZIKV  mut | ACGGCCAGTGAATTCATTTAGG

sequence

5’

ZIKV TCGGAATTGTTGGCCTCCTGC CAGCAGGAGGCCAACAATTCC

Overlap

extension

RP_ZIKV AAGTCAAGGCCTGTCCTCGG

Upstream

of Avrll

SHAPE 575 ACCATCCTGATGGGCCCATGAC

SHAPE 583 TCGCCAAGACCATCCTGATG

SHAPE 590 (FAM/HEX)-
GCTAGAATCGCCAAGACCATC

SHAPE 802 CTGCCATAGCTGTGGTCAGCAG

SHAPE 824 CTCCCACGTCTAGTGACCTC

SHAPE 826 (FAM/HEX)-
CACTCCCACGTCTAGTGACCTC

2.1.3 Bacterial strains

CHIKV DNA constructs were amplified following transformation of high efficiency DH5a. E. coli
cells (NEB). ZIKV DNA constructs were amplified following transformation of TransforMax EPI
300 Chemically Competent E. coli cells (Lucigen) or Turbo Competent E. coli cells (NEB).
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2.1.4 Cell culture

Huh7 cells (hepatocytes derived from human hepatocellular carcinoma), BHK-21 cells
(fibroblasts derived from Syrian golden hamster kidney) and Vero cells (African green monkey
kidney) were a gift from M. Harris (University of Leeds, UK). Mammalian cells were cultured
in Dulbecco’s modified minimal essential medium (DMEM, Sigma) supplemented with 10%
(v/v) foetal bovine serum (Thermo Fisher Scientific), 100 units/ml penicillin, 100 pg/mil
streptomycin, 100 uM non-essential amino acids (Lonza) and incubated at 37 °C in 5% CO..
To maintain mammalian cell lines, cells were harvested using trypsin/EDTA and seeded at
dilutions of 1:3 to 1:20 and incubated at 37 °Cin 5% CO,.

C6/36 cells (Aedes albopictus larva) were a gift from S. Jacobs (The Pirbright Institute, UK).
C6/36 cells were cultured in Leibovitz's L-15 media supplemented with 10% (v/v) foetal bovine
serum, 10% tryptose phosphate broth and 100 U penicillin/100 pg streptomycin/ml
(Leibovitz's L-15/PS). C6/36 cells were harvesting by scraping, passaged at dilutions of 1:3 to
1:8 and maintained at 28 °C.

All cell lines tested negative for mycoplasma.
2.1.5 Buffer composition
Buffer compositions are listed in appendix 1.

2.1.6 Antisense DNA oligonucleotides and LNA oligonucleotides

“+” indicates the positions of LNA nucleotides. The oligonucleotide sequences are provided
in 5’-3' orientation.

Table 2 CHIKV LNA oligonucleotides

CHIKV LNA-162 +A+T+TCGG+TGTG+ACC+TGCC+T+T+G
CHIKV LNA-202 +T+A+TAGCHTAGA+TGCG+AG+A+A+C
CHIKV LNA-225 +G+T+CAA+TTT+CCTGHCTCTA+T+T+A
CHIKV LNA-760 +GHTHTTTA+GCTT+TTTC+CCT+C4+T+C
Scrambled LNA (also used against ZIKV) +G+C+ACAG+CGC+AAGTH+ATG+T+T+A
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Table 3 ZIKV antisense DNA oligonucleotides

ZIKV Oligo-15 GAACTGTCGCAGTCTGATTCAC
ZIKV Oligo-25 GCTTCAAACTCGAACTGTCGCAG
ZIKV Oligo-44 TGTTGCTAGCTTTCGCTT

ZIKV Oligo-56 TAAAACCTGTTGATACTGTTGC
ZIKV Oligo-80 ACTCTCGTTTCCAAATCCAA
ZIKV Oligo-91 TTCATGACCAGAAACTCTCGTT
ZIKV Oligo-96 GGTTTTTCATGACCAGAAACTC
ZIKV Oligo-123 GAATCCTCCGGATTTCTT

ZIKV Oligo-147 CTCCGCGTTTTAGCATATTGAC
ZIKV Oligo-163 GCTCACACGGGCTACTCCGC
ZIKV Oligo-204 CAGAAGTCCGGCTGGCAG
ZIKV Oligo-229 GACCATCCTGATGGGCCCAT
ZIKV Oligo-236 CGCCAAGACCATCCTGATG
ZIKV Oligo-242 GCTAGAATCGCCAAGACCATC
ZIKV Oligo connector 1 AGCTTTCGCTCATACTAACTGT
ZIKV Oligo Connector 2 CTCTCGTTCTTAGCTTTCGCT
ZIKV Oligo Connector 3 AATCCTTCATTCTCTCG

ZIKV Oligo connector 4 CCATGATAACAAAGG

ZIKV Oligo connector 5 CCATGTAATTAAGCCC
Scrambled Oligo GCACAGCGCAAGTATGTTA

Table 4 ZIKV LNA oligonucleotides

ZIKV LNA set 1
ZIKV LNA-29 +G+C+TTCA+AACT+CGH+AACT+G+T+C

ZIKV LNA-142 +T+T+AG+CATA+TTG+ACAA+T+C+C

ZIKV LNA-158 +G+G+CT+ACHTC+CGCGHTHTHT+T

ZIKV LNA-191 +G+C+AGCC+TCT+TCA+AG+C+C+C

ZIKV LNA-213 +C+C+ATG+ACCCHAGCHAG+AAG+T+C+C
ZIKV LNA set 2

ZIKV LNA-15 +G+A+ACTGT+CGCAG+TCTG+A+T+T

ZIKV LNA-25 +C+T+TCA+AACT+CGAA+CTGTC+G+C+A
ZIKV LNA-56 +T+A+AAA+CCTGH+TTGA+TAC+TGT+T+G+C
ZIKV LNA-96 +T+T+TTCA+TGACC+AGAAA+C+T+C

ZIKV LNA-204 +A+G+A+AGTCC+GGCTG+G+CHA

2.1.7 Statistical tests

Statistical analysis of data were performed using Graphpad Prism 7.0c
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2.2 Molecular Biology Methods

2.2.1 Native agarose gel electrophoresis

The integrity, purity and size of plasmid DNA, PCR products and restriction digests were
determined by native agarose gel electrophoresis using 0.4 g (1%) or 0.8 g (2%) of analytical
grade agarose (Sigma Aldrich) in 30 ml 1 x TAE with SYBR Safe DNA stain (Life Technologies at
1:10,000 dilution). Samples were combined with Gel loading Dye, purple (6X) (NEB), to a final
concentration of 1 x, and were loaded alongside 3 ug 1 kb plus DNA ladder (NEB). DNA was
resolved at 90 V for 45-60 minutes in 1 x TAE and visualised using a UV transilluminator.

2.2.2 Denaturing MOPS gel electrophoresis

Products of in vitro transcription were checked for integrity, purity and size using denaturing
formaldehyde agarose gel electrophoresis in 3-(N-morpholino)propanesulfonic acid (MOPS)
buffer. Samples were analysed using 0.3 g (1%) or 0.6 g (2%) agarose gels, made with
analytical grade agarose (Sigma Aldrich) in 28.6 ml 1 x MOPS buffer and 1.4 ml of 37%
formaldehyde with SYBR Safe DNA stain (Life Technologies at 1:10,000 dilution). Samples
were combined with RNA loading dye (2 x) (NEB), to a final concentration of 1 x, and heated
to 85 °C for 5 minutes to denature the RNA. Samples were loaded alongside either Millennium
(for 1% gels) or Century RNA ladder (for 2% gels) (Ambion) and electrophoresis was
performed at 80 V for 45 minutes in 1 x MOPS buffer and visualised using a UV
transilluminator.

2.2.3 SDS-polyacrylamide gel electrophoresis

5 ml SDS-PAGE gels were made with a 10% resolving gel (10 ml) (4 ml 30% bis-acrylamide, 2.5
ml 1.5 M Tris-HCl pH 8.8, 4 ml ddH»0, 100 pl 10% SDS, 100 pl ammonium persulphate (APS),
10 ul 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 ddH>0, 50 ul 10% SDS, 50 pl 10% APS, 5 ul
TEMED). Samples were combined with 2 x denaturing sample buffer, to a final concentration
of 1 x, and denatured by heating to 95 °C for 5 minutes. Samples were loaded alongside 3 pl
colour pre-stained protein standard, broad range marker (11-245 kDa) (NEB). Electrophoresis
was performed in 1 x SDS buffer for 90 minutes at 180V.

2.2.4 Denaturing polyacrylamide Urea gel electrophoresis

A gel stock solution was prepared for 7.5 % urea denaturing polyacrylamide gels by combining
80 ml 10 x TBE, 325 g urea, 150 ml 40% Acrylamide and made up to 800 ml with DEPC H,0.
Prior to electrophoresis, 400 ul APS and 40 ul TEMED were added to 30 ml of gel stock
solution. Samples were combined with 1 ul of 4M NaOH and 32 pl acid stop mix (4:25 (v/v)
mixture of 1 M unbuffered Tris-HCl and stop dye (85% formamide, % x TBE, 50 mM EDTA, pH
8.0, containing bromophenol blue and xylene cyanol tracking dyes and then incubated at 95
°C for 5 minutes. Electrophoresis was performed in 1 x TBE (Thermo Fisher) 180 V for 1 hour
30 minutes.
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2.2.5 Native polyacrylamide gel electrophoresis

Native polyacrylamide gels (8%) were prepared by combining 6 ml Gel mix (Accugel 19:1, 40%
(w/v) 19:1 Acrylamide: bis acrylamide solution, gas stabilized, (National diagnostics)), 21 ml
DEPC H:0, 400 pl APS, 40 pl TEMED and 3 ml 10 x TBE buffer (Thermo Fisher). Samples were
combined with 3 pl native RNA loading dye and electrophoresis was performed in 1 x TBE
(Thermo Fisher) at 180V for 1 hour 40 minutes.

2.2.3 Bacterial Transformation

For routine amplification of plasmids, DH5a, Turbo competent or EPI 300 E. coli cells were
transformed according to the manufactures protocol. Briefly, approximately 50 ng of plasmid
DNA was mixed with the E. coli cells and incubated for 15 minutes on ice, followed by 30
second heat shock at 42 °C and recovery on ice for 2 minutes. 250 ul of SOC outgrowth
medium (NEB) was added to the transformation mix and incubated in a shaking incubator for
1 hour. 200 pl of the transformation mix was spread onto LB-ampicillin (AMP) agar plates
(CHIKV) or soy agar plates (ZIKV), containing an appropriate concentration of antibiotic, and
incubated for 16 hours at 37 °C

2.2.4 CHIKV Plasmid DNA amplification

For CHIKV DNA purification, 5 ml cultures containing LB-AMP and an appropriate
concentration of ampicillin were inoculated with a single transformed bacterial colony and
incubated for 5-7 hours. Starter cultures were then used to inoculate 250 ml of LB-AMP which
was subsequently incubated for 16 hours at 37 °C. E. coli cells were the pelleted by
centrifugation at 4000 x g for 10 minutes. Plasmid DNA was isolated and purified using a
GenelET Plasmid Maxiprep Kit (Thermo Scientific) following the manufacturer’s instructions.
DNA purity and quantity were assessed using a Nanodrop 1000 (Thermo Scientific)
spectrophotometer, which measures the ratio of absorbance at different wavelengths.
Nucleic acids absorb wavelengths of 260 nm, proteins absorb wavelengths of 280 nm and
organic compounds such as phenol absorb wavelengths of 230 nm. By comparing the 260/280
and 260/ 230 ratio of absorbance, the purity of nucleic acid in a sample can be assessed.

2.2.5 ZIKV Plasmid DNA amplification

ZIKV DNA was purified using a method adapted from personal communication with Prof A.
Merits. 20 ml of soy broth supplemented with 12.5 ug/ml chloramphenicol was inoculated
with a transformed EPI 300 cell colony and incubated overnight. The following morning, 80
ml of soy broth was added to the culture, along with 0.1% Arabinose to activate the second
origin of replication, and chloramphenicol to a final concentration of 12.5 ug/ml. Cultures
were then incubated for a further 5 hours before cells were pelleted by centrifugation at
10,000 x g for 10 minutes. Pellets were resuspended, lysed and neutralised using Qiagen midi
prep kit buffers, according to the manufacturer’s instructions. Neutralised lysate was then
centrifuged at 4000 x g for 5 minutes and filtered through gauze. Next, 0.7 volumes of
isopropanol were added to the lysate and DNA was pelleted by centrifugation at 15,000 x g
for 20 minutes at 4 °C. Pellets were then washed with 70% ethanol and resuspended in 750
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pl DNA mini prep resuspension buffer, lysed in 750 pl lysis buffer and neutralised in 1,050 pl
neutralisation buffer (Thermo). Lysate was then separated and purified through three DNA
purification columns according to the manufacturer’s instructions. DNA purity and quantity
were assessed using a Nanodrop 1000 (Thermo Scientific) spectrophotometer (as described
in2.2.4).

2.2.6 PCR amplification of full-length ZIKV DNA

PCR products containing the full-length ZIKV IC, ZIKV IC mutant, ZIKV N-luc IC and ZIKV N-Luc
replicon DNA sequence were PCR-amplified for use as templates for in vitro transcription
reactions. For PCR reactions, 100 ng of ZIKV/Nano-luc ZIKV DNA was combined with 0.5 nM
ZIKV full genome forward primer, 0.5 nM ZIKV full genome reverse primer, 1 uM dNTPs, 1 x
GC buffer (NEB), 4 units of Phusion DNA polymerase (NEB) and nuclease-free water was
added to a final volume of 100 pl. Reactions were performed in a Proflex PCR system (Life
Technologies) with conditions set at 98 °C for 2 minutes, followed by 35 cycles of 98 °C for 15
seconds, 69.4 °C for 30 seconds, 72 °C for 6 minutes and 1 cycle 72 °C for 10 minutes. DNA
was then precipitated by addition of 0.1 volume 3M NaOAc (pH 5.2) and 3 volumes of ice-cold
100% ethanol, followed by incubation at -80 °C for 60 minutes. DNA was pelleted by
centrifugation at 16,000 x g at 4 °C for 30 minutes. The DNA pellet was then washed with ice
cold 70% ethanol followed by centrifugation at 16,000 x g at 4 °C for 10 minutes. Remaining
ethanol was aspirated and the pellet was resuspended in 20 pl of nuclease free water. DNA
was analysed using a 1% agarose gel to check the size and purity of the DNA product and
quantified using a NanoDrop 1000 spectrophotometer (Thermo scientific) (as described in
2.2.4).

2.2.7 PCR amplification of ZIKV 1-772

PCR reactions were performed to generate DNA fragments encompassing the ZIKV 5’ genome
region, base pairs 1-772. Reactions contained 100 ng of template DNA, 0.5 nM primers (ZIKV
1-772 forward primer:) (ZIKV 1-772 reverse primer: 1 uM dNTPs, 1 x GC buffer (NEB), 2 units
of Phusion DNA polymerase (NEB) and nuclease free water was added to a final volume of 50
ul. Reactions were performed in a Proflex PCR system (Life Technologies) with conditions set
at 95 °C for 2 minutes, followed by 25 cycles of 95 °C for 15 seconds, 50 °C for 15 seconds, 72
°C for 15 seconds and 1 cycle 72 °C for 5 minutes. DNA was then purified by ethanol
precipitation as described in section 2.2.6.

2.2.8 PCR amplification of CHIKV 1-337

PCR reactions were performed to generate DNA fragments encompassing the CHIKV 5’
genome region base pairs 1-337 (CHIKV 1-337). Reactions were performed as described in
section 2.2.7 using the following primers:

CHIKV 1-337 forward primer:

CHIKV 1-337 reverse primer:

DNA was then purified by ethanol precipitation as described in section 2.2.6.
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2.2.9 Overlap extension PCR

As the pUC57-M-PK and pUC57-199 constructs are based on the ZIKV N-LUC IC sequence,
overlap extension PCR was used to generate DNA fragments which are compatible for ligation
into the ZIKV IC construct. Prior to overlap extension PCR, two DNA precursor fragments were
amplified using PCR. Precursor fragments contain a 19 bp region of overlap to allow annealing
during overlap extension stage.

For the first precursor fragment, pUC57-M-PK and pUC57-210 DNA was used as a template in
PCR reactions to amplify the first 491 bp of the ZIKV mutant sequence. Reactions were
assembled as described in section 2.2.6, using the ZIKV mut sequence 5’ forward primer and
the ZIKV overlap extension reverse primer. For the second precursor fragment, ZIKV IC DNA
was used as a template in a PCR reaction which amplified a 1135 bp region of the ZIKV
sequence using the ZIKV overlap extension forward primer and the Upstream of AVRII reverse
primer. Reactions were performed in a Proflex PCR system (Life Technologies) with conditions
set at 95 °C for 2 minutes, followed by 25 cycles of 95 °C for 30 seconds, 55 °C for 30 seconds,
72 °C for 60 seconds and 1 cycle 72 °C for 5 minutes. PCR products were then separated using
agarose gel electrophoresis, as described in section 2.2.1, and extracted using a GeneJET gel
extraction kit (Thermo Fisher) according to the manufacturer’s instructions.

For the overlap extension stage, 50 ng of the first precursor fragment and an equimolar
concentration of the second precursor fragment were combined. 12 PCR reactions were
assembled as described in section 2.2.7, excluding the addition of primers. An initial PCR
reaction was performed using an Eppendorf mastercycler EP Gradient thermocycler with the
conditions set at 95 °C for 2 minutes, followed by 6 cycles of 95 °C for 15 seconds, a heat
gradient ranging from 50-70 °C for 30 seconds, 72 °C for 60 seconds and 1 cycle of 72 °C for 5
minutes. 0.5nM ZIKV mut sequence 5’ forward primer and the Upstream of AVRII reverse
primer were then added to the reactions. Secondary reactions were then performed using an
Eppendorf mastercycler EP Gradient thermocycler, using the cycle conditions 95 °C for 2
minutes, followed by 30 cycles of 95 °C for 15 seconds, a heat gradient ranging from 50-70 °C
for 30 seconds, 72 °C for 60 seconds and 1 cycle of 72 °C for 10 minutes. PCR products were
then separated using agarose gel electrophoresis, as described in section 2.2.1, and extracted
using a GenelET gel extraction kit (Thermo Fisher) according to the manufacturer’s
instructions.

2.2.10 ZIKV DNA ligations and colony PCR screening

For ligation of mutant sequences into ZIKV IC constructs, both vector DNA (ZIKV IC) and insert
DNA (pUC57-M-SLE) and products generated by overlap extension PCR described in section
2.2.9) was digested using a double digest with EcoRI-HF and Avrll (NEB). Restriction digest
reactions were assembled using 5 ug of template DNA, 20 units of EcoRI-HF, 5 units of Avrll,
1 x cutsmart buffer (pH 8.0) and made to a final volume of 50 pl with nuclease free H,0.
Reactions were incubated at 37 °C using a Proflex PCR system (Life Technologies) for 3 hours.
To dephosphorylate vector DNA, 5 units of calf intestinal alkaline phosphatase were added to
vector DNA reactions, and reactions were incubated at 37 °C for a further 30 minutes. DNA
was then purified by ethanol precipitation as described in section 2.2.6. Ligation reactions
were assembled using a 5:1 insert to vector molar ratio, using 50 ng of vector DNA, 1 x T4
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DNA ligase buffer and 3 units of T4 DNA ligase (NEB), made up to a volume of 20 pl with
nuclease free H,0. Reactions were incubated at 16 °C overnight and the heat inactivated at
65 °C for 10 minutes using a Proflex PCR system (Life Technologies). 10 pl of ligase reactions
was then transformed into Turbo competent E. coli cells as described in section 2.2.3. For
colony PCR DNA ligations, plates were incubated at 37 °C for 16 hours, followed by a further
6 hours at 30 °C.

For colony screening, PCR reactions were assembled as described in section 2.2.7, using ZIKV
mut sequence 5 forward primer and the Upstream of AVRII reverse primer. Colonies were
streaked onto plates and then added to PCR reactions. PCR reactions were performed using
a proflex thermocycler with the conditions set at 95 °C for 2 minutes, followed by 35 cycles
of 95 °C for 15 seconds, 55 °C for 30 seconds, 72 °C for 30 seconds and 1 cycle of 72 °C for 10
minutes. PCR products were then separated using agarose gel electrophoresis and sequenced
using the ZIKV Outer amplicon forward primer. Colonies with the correct sequence were used
to inoculate 20 ml starter cultures of soy broth supplemented with 12.5 pg/ml
chloramphenicol. Starter culture were used to inoculate 250 ml culture of soy broth/ 12.5
ug/ml chloramphenicol, which was incubated overnight at 37 °C. Plasmid DNA was isolated
and purified using a GenelET Plasmid Maxiprep Kit (Thermo Scientific) following the
manufacturer’s instructions. DNA purity and quantity were assessed using a Nanodrop 1000
(Thermo Scientific) spectrophotometer.

2.2.11 Restriction digest of CHIKV DNA constructs

Prior to in vitro transcription reactions, CHIKV ICRES, Fluc-SGR, Fluc-Rluc-(GDD>GAA)-SGR
DNA was linearised in a restriction enzyme reaction using 10 pg of template DNA, 20 units
Not-I HF (NEB), 1 x cutsmart buffer (pH 8.0) and made to a final volume of 50 ul with nuclease
free H,O. Reactions were incubated at 37 °C overnight using a Proflex PCR system (Life
Technologies). Linear DNA was then purified using a Wizard SV gel and PCR clean-up system
(Promega) according to the manufacturer’s instructions. DNA purity and quantity were
assessed using agarose gel electrophoresis and a Nanodrop 1000 (Thermo Scientific)
spectrophotometer.

2.2.12 In vitro RNA transcription

For generation of capped CHIKV and ZIKV RNA, 1 ug of template DNA plasmid was used as a
template for production of 5’ [m7G(5")ppp(5')G] capped (mM7G capped) RNA, using an SP6
mMessage mMachine kit (Life Technologies) or an SP6-Scribe ™ standard RNA IVT kit
(Lucigen), according to the manufactures instructions. Following transcription, DNA template
was removed by DNase | (Life Technologies) treatment and purified using LiCl precipitation
solution (7.5 M LiCl, 50 mM EDTA, pH 8.0) (invitrogen) and water added to a final volume of
50 ul and final LiCl concentration of 2.5 M. Samples were chilled at -20 °C for 30 minutes and
then centrifuged at 13,000 x g for 15 minutes at 4 °C. Supernatant was aspirated and pellets
dried before resuspension in nuclease free water.

For uncapped ZIKV IC and ZIKV 1-772 RNA, 1 pug of PCR DNA was used as a template for

uncapped RNA transcription using an SP6 RiboMAX™ Express Large-Scale RNA Production
System (Promega) according to the manufacturer’s instructions. Template DNA was removed
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by addition of 2 units of RQ1 RNase-Free DNase and RNA was purified using LiCl precipitation
as described previously.

For T7_Ren RNA, 1 ug of cDNA template was linearised using Xhol (NEB) (as descried in section
2.2.11). DNA was combined with 1 X RNAPol Reaction Buffer (NEB), supplemented with 4 mM
each of ATP, UTP, CTP and GTP, 3 mM cap analogue, 14 mM MgCl,, 0.32 units of
Pyrophosphatase, Inorganic (yeast) (NEB), 160 units of RNase inhibitor (promega) and 200
units of T7 polymerase. Reactions were incubated at 37 °C for 3 hours. Following
transcription, remaining DNA template was removed by DNase | (Life Technologies)
treatment and RNA was purified by ethanol precipitation.

For all in vitro transcription products, RNA purity and quantity were determined using a
Nanodrop 1000 (Thermo Scientific) spectrophotometer and denaturing agarose MOPS gel
electrophoresis.

2.3 CHIKV LNA binding assays using 3?P

2.3.1 LNA and CHIKV 1-337 3?P end labelling

For end labelling of LNA oligonucleotides, 60 pmoles of LNA was mixed with 2 pl 10 x PNK
buffer, 10 units of polynucleotide kinase, 15 uCi of ATP [y-32P] and made up to a volume of 20
ul with RNase free H;0. Reactions were incubated at 37 °C for 30 minutes, followed by
incubation at 65 °C for 20 minutes to inactivate the enzyme. LNA oligonucleotides were
precipitated by addition of 3 volumes of ethanol and 0.1 volumes NaOAc (pH 5.2), followed
by incubation at -80 °C for 60 minutes. LNA oligonucleotides were pelleted by centrifugation
at 16,000 x g for 30 minutes and washed with 0.5 ml 70% ethanol, before being resuspended
in 60 ul 0.5 x TE buffer.

For end labelling CHIKV 1-337, 20 pmoles of LNA was mixed with 2 pl 10 x polynucleotide
kinase (PNK) buffer, 10 units of polynucleotide kinase, 5 puCi of ATP [y-32P] and made up to a
volume of 20 pl with RNase free H,0. End labelling reactions and ethanol precipitations were
carried out as previously described and RNA was resuspended in 20 pl 0.5 x TE buffer.

2.3.2 Electromobility shift assays

For LNA EMSAs, 3.125 pmoles of CHIKV 1-337 RNA in 0.5 x TE buffer was heated to 95 °C for
2 minutes and incubated on ice for 2 minutes. 3.3 x RNA folding buffer (330 mM HEPES (pH
8.0), 20 mM MgCl; and 330 mM NaCl) was added to a final volume of 10 pl and reactions
incubated for 20 minutes at 37 °C. 1.25 pmoles of 32P labelled LNA oligonucleotides were
added (a 2.5:1 ratio of RNA:LNA) and reactions were incubated at 37 °C for 30 minutes.
Reactions were analysed using 8% native PAGE gel electrophoresis alongside 4 pmoles of 32P
labelled CHIKV 1-337 RNA at 180 V for 100 minutes in 1 x TBE (Thermo Fisher). Samples were
analysed using the following native loading buffer: 30% Glycerol, 0.25% Xylene Cyanol, 0.25%
Bromphenol Blue, in nuclease free water (pH 7.0). The gel was fixed for 1 hour in fix solution
(12% Methanol, 10% Acetic acid) and dried for 1 hour in a gel drier. Gels were exposed to a
Fujifilm imaging plate for 16 hours and visualised using a Fujifilm FLA-5000 phosphoimager
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illumination laser 635. For dose response LNA-162 binding assays, binding reactions were
performed as above, using a range of CHIKV 1-337 RNA concentrations from 0.25 pmoles to
6.25 picomoles.

2.4 Sub-genomic replicon transfection and cell viability assays

2.4.1 LNA dose response luciferase assay

Huh7 cells were seeded in 24 well plates at 5x10* cells per well and maintained overnight in
1 ml of DMEM until monolayers reached 80-90% confluency. Cells were washed once in 1 x
PBS before addition of 400 ul opti-MEM reduced-serum media and 100 ul transfection media
was added dropwise. Transfection media was prepared according to the manufacturer’s
instructions (Invitrogen), using 1 ul Lipofectamine 2000, 250 ng of Fluc-SGR RNA, 50 ng Renilla
luciferase RNA, and appropriate concentrations of LNA, before being made up to 100 pl using
opti-MEM reduced-serum media. For LNA transfected wells, LNA was added to the RNA mix
prior to the addition of lipofectamine 2000. Monolayers were maintained for 6 hours after
transfection, before being washed once in 1x PBS and lysed in 100 pl 1 x passive lysis buffer
(Promega). Lysates were stored at -20 °C, prior to analysis. To measure luciferase expression,
50 ul Firefly Dual-luciferase substrate (Promega) was added to 20 pl cell lysate and quantified
using a FLUOstar Optima luminometer (BMG labtech) after which, 50 ul Renilla Dual-
luciferase substrate was added to the same sample and expression levels were measured.

2.4.2 CHIKV translation assay

Huh7 cells were seeded at 5x10* cells per well in a 24 well plate and maintained overnight in
1 ml of DMEM until monolayers reached 80-90% confluency. Transfection media was
prepared according to the manufacturer’s instructions. 500 ng of WT or GAA mutant CHIKV
dual-luciferase replicon RNA was combined with 1 ul lipofectamine 2000 and 100 pul opti-MEM
per well. For LNA transfected wells, LNA was added to the RNA mix prior to the addition of
lipofectamine. Cells were washed once in 1 x PBS before addition of 400 ul opti-MEM
reduced-serum media and 100 ul transfection media added dropwise. 4 hours post
transfection, cells were washed with PBS and 1 ml of DMEM was added. Cells were
maintained until 4, 6 and 12 hours post transfection, washed with PBS and lysed for 20
minutes, using 100 ul passive lysis buffer 2.0 (Biotium). Lysates were stored at -20 °C until
analysis. To measure luciferase expression, 50 ul Firefly luciferase assay buffer 2.0 (Biotium)
was added to 20 pl cell lysate and quantified using a FLUOstar Optima luminometer (BMG
labtech). Then, 50 ul Renilla luciferase assay buffer 2.0 (Biotium) was added to the same
sample and expression of Renilla luciferase was quantified using the same method as for
Firefly luciferase.
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2.4.3 LNA cell viability assay

Huh7 cells were seeded in 96 well plates at 1x10* cells per well and maintained overnight in
100 pl of DMEM. The following day, monolayers at 90% confluency were washed once with 1
x PBS before addition of 25 pl opti-MEM reduced-serum media and 25 ul of transfection
media in a dropwise manner. Transfection media was prepared according to the
manufacturer’s instructions using 0.2 ul of Lipofectamine 2000 and made up to 25 pl using
opti-Mem. Where appropriate, LNA oligonucleotides were added to the transfection media
in concentrations ranging from 10 nM to 10 puM. After transfection monolayers were
maintained for 6 or 24 hours, before the media was removed and replaced with 100 ul of 1
mg/ml Thiazolyl Blue Tetrazolium Bromide (MTT) (Sigma) and incubated at 37 °C in 5% CO;
for 30 minutes. After incubation, MTT solution was replaced with 100 pl DMSO and the plate
was shaken at 60 rpm for 5 minutes. Absorbance at 570 nm was determined using an Infinite
F50 microplate reader (Tecan). Absorbance was normalised and expressed as a percentage of
untreated control cells.

2.4.4 ZIKV oligonucleotide and LNA co-transfection

Vero cells were seeded in 24 well plates at 5x10*cells per well and maintained overnightin 1
ml of DMEM until monolayers reached 80-90% confluency. Transfection media was prepared
according to the manufacturer’s instructions (Invitrogen), using 250 ng ZIKV Nano-luc replicon
RNA per well, 1 pl lipofectamine per well and ZIKV oligonucleotide/LNA (to a final
concentration of 100 nM), made up to a volume of 100 pl using opti-MEM reduced-serum
media. For ZIKV DNA oligonucleotide/LNA transfected wells, ZIKV oligonucleotide/LNA was
added to the RNA mix prior to the addition of lipofectamine 2000. Monolayers were
maintained for 4 hours post transfection, before cells were washed using 1 x PBS and 500 pl
DMEM was added to the cells. At 6, 24 and 48 hours post transfection, 80 ul of cell
supernatant was collected and added to 20 pl 5 x Passive lysis buffer (Promega). At 48 hours,
cells were washed with PBS and monolayers were lysed using 100 pl 1 x Passive lysis buffer.
Lysates were stored at -20 °C, prior to analysis. To measure luciferase expression, 20 pl of
Nano-Glo Luciferase substrate (Promega) was added to 20 pl cell lysate and quantified using
a FLUOstar Optima luminometer (BMG labtech).
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2.5 Virus production

2.5.1 Production of CHIKV

1.2 x 10° BHK-21 cells in 400 pl ice-cold DEPC-PBS were electroporated with 1 ug 5'-capped in
vitro transcribed RNA in a 4 mm electrocuvette, with a single square wave pulse at 260 V for
25 ms using a Bio-Rad electroporator. Cells were then incubated on ice for 5 minutes and
seeded into a T175 flask in 20 mlI DMEM. After 24 h, supernatant was aspirated and titred by
plague assay as described below.

2.5.2 Quantification of CHIKV titre by plaque assay

BHK cells were seeded at 1 x 10° cells per well in 12-well plates and maintained overnight in
1 ml DMEM. Huh7 cell supernatant was thawed on ice and a 10-fold dilution series from 10°
to 107 was prepared, using 20 pl virus stock in 180 pl 2% DMEM. Monolayers of 80%
confluency were washed once in 1 x PBS and 150 pl of virus dilution added to monolayers.
Plates were rocked for 10 minutes before incubation at 37 °C in 5% CO, for a further 50
minutes. After incubation, 1 ml of overlay media containing 0.8% methylcellulose in DMEM
was added. Plates were then incubated at 37 °C in 5% CO; for 48 hours. Following this, the
overlay media was removed and monolayers washed in 1 x PBS. Monolayers were then fixed
in a 5% formaldehyde solution of 30 minutes, before staining using 0.05% Crystal violet
solution. Plaque forming units per ml (PFU/ml) were calculated using the following equation:
PFU/ml = Average number of plaques at dilution
Inoculum in ml x Dilution factor

2.5.3 ZIKV Production

For production of infectious ZIKV, 3 x 10° Vero cells or 6 x 10° C6/36 cells were seeded in 6
well plates and maintained overnight. The following day, monolayers were washed with 1 x
PBS and 2.5 ml opti-MEM reduced-serum media (Life Technologies) added. Cells were
transfected with 500 pl of transfection media, containing 5 pl Lipofectamine 2000 (Life
Technologies) and 2.5 pg of infectious WT or mutant ZIKV RNA according to manufacturer’s
instructions. For Vero cells, cells were incubated at 37 °Cin 5% CO2 for 5 days. For C6/36 cells,
cells were incubated at 28 °C for 5, 7 and 9 days. For both cell lines, supernatant was harvested
and stored at -80 °C.

2.5.4 Quantification of ZIKV titre by plaque assay

For ZIKV plaque assays, 1 x 10° Vero cells per well were seeded in 12-well plates and
maintained overnight in 1 ml DMEM. Plaque assays were set up as described in section 2.4.2
and incubated at 37 °C in 5% CO; for 5 days. Monolayers were fixed in a 5% Formaldehyde
solution of 30 minutes, after which they were stained using 0.05% Crystal violet solution.
Plaque forming units per ml (PFU/ml) were calculated using the following equation:
PFU/ml = Average number of plaques at dilution

Inoculum in ml x Dilution factor
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2.6 CHIKV LNA experiments using infectious virus

2.6.1 LNA oligonucleotide transfection of CHIKV infected Huh7 cells

Huh7 cells were seeded in 12 well plates at a confluency of 1x10° cells per well overnight in 1
ml of DMEM until monolayers reached 80-90% confluency. The following day, cells were
infected with CHIKV (MOI 1), rocked for 10 minutes and incubated for a further 50 minutes.
Monlayers were then washed with 1 x PBS and maintained in 1 ml of DMEM for 3 hours.
During this incubation period, LNAs were prepared for transfection using 2 pl of
Lipofectamine 2000 per well, according to the manufacturer’s instructions, using a total
volume of 200 ul opti-MEM reduced-serum media per well. At the end of the 3-hour
incubation, cells were washed with 1 x PBS and 800 pl of opti-MEM reduced-serum media
was added. Monolayers were then transfected with 600 nM or 3 uM LNA. Monolayers were
incubated with the transfection mix for 4 hours, before being washed with 1 x PBS and
maintained in 1 ml DMEM until time points were taken. Cell supernatant was harvested and
CHIKV titre was quantified by plaque assay as described in section 2.5.2.

2.6.2 Quantification of CHIKV Genome copies using qRT-PCR

LNA transfections were set up as described in section 2.6.1. After transfection, monolayers
were incubated for a further 16 hours, then washed with 1 x PBS and lysed using 500 ul TRI
Reagent® Solution (Applied Biosystems). Lysates were incubated at room temperature for 30
minutes to allow deactivation of infectious CHIKV. Following deactivation, 100 ul of
Chloroform was added to the lysates, which were vortexed and then incubated at room
temperature for 2-3 minutes. Samples were then centrifuged at 16,000 x g at 4 °C for 30
minutes before the upper phase was aspirated and placed in a separate tube. 250 pl
isopropanol was then added and samples were inverted 4-6 times before incubation at room
temperature for 5 minutes. Samples were then centrifuged at 12,000 x g at 4 °C for 10 minutes
and pellets were washed using 500 ul ice cold 75% ethanol. Samples were then centrifuged
at 7500 x g at 4 °C for 5 minutes and the remaining ethanol was aspirated. Pellets were
resuspended in 20 ul of nuclease free water and quantified using a NanoDrop 1000
spectrophotometer (Thermo scientific). 1 pug of extracted RNA was used to generate cDNA
using an RNA-to-cDNA kit (appliedbiosystems) according to the manufacturer’s instructions.

Quantitative PCR was performed using the gPCRBIO SyGreen Blue Mix Lo-ROX (PCR
Biosystems), with primers amplifying a 131 bp region of the CHIKV E1 sequence, 100 ng of
cDNA template and the following PCR program: 95 °C for 2 mins, 40 x (95 °C for 5 seconds, 60
°C for 30 seconds), dissociation curve 60-95 °C, as pre-defined by the Mx3005P thermal cycler
(Agilent Technologies). For standards to quantify copy numbers in the respective samples, In
vitro transcribed CHIKV ICRES RNA was reverse transcribed and serial dilutions from 102 to
107 were used. Cell supernatant was also harvested for each condition and CHIKV titre
quantified by plaque assay for comparison.
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2.6.3 LNA transfection of CHIKV infected cells time course

LNA transfections were set up as described in section 2.6.1 using 3 uM LNA. Monolayers were
incubated with the transfection mix for 4 hours after which, supernatant was harvested and
stored at -80 °C. Cells were then washed with 1 x PBS and 1 ml of DMEM was added. Following
a further 5 hours incubation, 250 pl of supernatant was harvested and stored at -80 °C.
Further time points were taken at 16, 24 and 48 hours post infection. Harvested media was
replaced with 250 ul DMEM at each time point. Released CHIKV titre for each time point was
quantified by plaque assay as described earlier.

2.6.4 Infection of LNA transfected Huh7 cells

Huh7 cells were seeded in 12 well plates at a confluency of 1x10° cells per well and incubated
overnight in 1 ml of DMEM, until monolayers reached 80-90% confluency. The following day,
monolayers were washed with 1 x PBS and 800 pl of opti-MEM was added. LNA transfection
mix were prepared according to the manufacturer’s instructions, using 2 ul of Lipofectamine
2000 per well, 3 uM LNA oligonucleotides and a total volume of 200 ul opti-MEM reduced-
serum media per well. Monolayers were then transfected with 200 ul transfection mix and
incubated for 4 hours. Following incubation, monolayers were washed with 1 x PBS and
infected with CHIKV (MOI 10), rocked for 10 minutes, and incubated for a further 50 minutes.
Monolayers were then washed with 1 x PBS and maintained in 1 ml of DMEM until harvest.
Supernatant was harvested at 6 and 24 hours post infection and released CHIKV titre was
determined by plaque assay as described previously.

2.6.5 Dose response transfection of LNA oligonucleotides in CHIKV infected Huh7
cells

LNA transfections were set up as described in section 2.6.1, with the exception that cells were
transfected with either 0, 0.03, 0.075, 0.15, 0.3. 0.6. 1.25 or 3 uM LNA-162 or scrambled LNA.
Cells were incubated with the transfection mix for 4 hours, then washed with 1 x PBS and
maintained in 1 ml DMEM for a further 16 hours. Cell supernatant was harvested and CHIKV
titre was quantified by plaque assay as described previously.
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2.6.6 Assessment of CHIKV protein expression by western blot

LNA transfections were set up as described in section 2.6.1, with 3 uM LNA. Monolayers were
incubated with the transfection mix for 4 hours, then washed with 1 x PBS and maintained in
1 ml DMEM for a further 16 hours. Following incubation, monolayers were lysed in IP lysis
buffer (25 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% NP-40 Alternative and 5%
glycerol) and incubated at room temperature for 30 minutes to ensure complete lysis had
taken place. Protein levels were quantified using a Pierce™ BCA Protein Assay Kit (Thermo
scientific) according to the manufacturer’s instructions. Equal amounts of protein lysate were
loaded onto an SDS-PAGE gel and separated by electrophoresis at 120V for 90 minutes.
Protein was transferred onto an Immobilon-FL PVFD transfer membrane (MERCK) using a
TE77X semi-dry transfer (Hoefer), in Towbin buffer (25 mM Tris (pH 8.3), 192 mM glycine,
20% (v/v) methanol) at 15 V for 60 minutes. Membranes were blocked using 1:1 diluted
Odyssey® Blocking Buffer (LI-COR) in PBS for 30 minutes.

Membranes were probed with primary anti-capsid (1:1000, rabbit polyclonal, in-house) or
anti-nspl (1:1000, rabbit polyclonal, in-house) antibody, in addition to the housekeeping
protein actin (clone AC-15, mouse monoclonal, Sigma) in diluted Odyssey® Blocking Buffer in
PBS (LI-COR) overnight at 4 °C. The following morning, primary antibody was removed and
membranes were washed 3 times using 1 x PBS. Membranes were next stained with
secondary antibodies (IRDye® 800CW Donkey anti-Mouse; IRDye® 680LT Donkey anti-Rabbit;
Li-Cor) for 1 hour at room temperature. Membranes were then washed 3 times using 1 x PBS
and dried before being imaged were imaged using an Odyssey® Fc Imaging System (Li-Cor).

2.7 ZIKV infectious virus assays

2.7.1 ZIKV infections

For ZIKV infections, 1x10° Vero cells or 2x10° C6/36 cells were seeded in 12 well plates or
5x10%*cells per well in 24 well plates. The following day, cells were washed once in 1 x PBS and
infected with ZIKV in 200ul of 2% FBS in PBS. Cells were rocked for 10 minutes and the
incubated at 37 °C (Vero) or 28 °C (C6/36) for a further 50 minutes. Cells were then washed
with 1 x PBS and 1 ml of either DMEM (Vero) or Leibovitz's L-15 (C6/36) was added. Cells were
maintained until harvest, where the supernatant was aspirated and stored at -80 °C.

2.7.2 ZIKV Infectious centre assays

For ZIKV infectious centre assays, 4 x 10° Vero cells were seeded in a 6 well plate and
incubated overnight. Huh7 cells were washed with 1 x PBS, trypsinised and pelleted by
centrifugation at 1000 x g for 2 minutes. In duplicate, cells were washed in ice cold DEPC-PBS
and resuspended to 2 x 10° cells in 400 ul DEPC-PBS. 1 pug of either WT or mutant ZIKV RNA
was added to an electroporation cuvette and the 400 pl cells suspension was mixed with the
RNA. The Huh7 cell/ RNA mix was electroporated using a single square wave pulse at 250 V
for 25 ms and then incubated on ice for 2 minutes. 2 x electroporated cell suspensions were
pooled into a final volume of 1.2 ml in DMEM and serially diluted using 1 in 10 dilutions from
10to 10°®. Vero cell monolayers were washed with 1 x PBS and 1 ml of diluted cell suspension
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was added to the wells. Cells were then incubated at 37 °C for 2 hours, after which the media
used to apply the transfected cell inocula was removed and monolayers washed with 1 x PBS.
1 ml of overlay media containing 0.8% methylcellulose in DMEM was added and monolayers
were incubated for 5 days, then fixed in a 5% Formaldehyde solution of 30 minutes.
Monolayers were stained using 0.05% Crystal violet solution and plaque forming units per pg
RNA (PFU/ ug RNA) were calculated using the following equation:

PFU/ ug RNA = Average number of plaques at dilution

Inoculum in ml x Dilution factor

2.7.3 Assessment of ZIKV protein expression by western blot

To assess ZIKV protein expression levels, 1x10° Vero cells or 2x10° C6/36 cells were seeded in
12 well plates and maintained overnight. The following day cells were transfected with WT or
mutant ZIKV RNA as described in section 2.5.3 and incubated for 24-72 hours. After
incubation, cells were lysed in IP lysis buffer and incubated at room temperature for 30
minutes to ensure complete lysis had taken place. Protein levels were quantified using a
Pierce™ BCA Protein Assay Kit (Thermo scientific) according to the manufacturer’s
instructions. Equal amounts of protein lysate were loaded onto an SDS-PAGE gel and
separated by electrophoresis at 120 V for 90 minutes. Proteins were transferred to
membranes as described in section 2.5.6.

Membranes were probed with primary anti-NS5 (1:1000, rabbit polyclonal, in-house) or anti-
NS3 (1:1000, rabbit polyclonal, in-house) in 1:1 diluted Odyssey® Blocking Buffer in PBS (LI-
COR) overnight at 4 °C. The following morning, primary antibody was removed and
membranes were washed 3 times using 1 x PBS. Membranes were next stained with
secondary antibodies (IRDye® 680LT Donkey anti-Rabbit; Li-Cor) for 1 hour at room
temperature. Membranes were then washed 3 times using 1 x PBS and dried before being
imaged were imaged using an Odyssey® Fc Imaging System (Li-Cor).

2.7.4 Extraction and sequencing of ZIKV RNA

For analysis of ZIKV M-SLE mutations, C6/36 cells were transfected with either WT or M-SLE
ZIKV RNA, as described in section 2.5.3, and cell supernatant collected 9 days post
transfection. Cell supernatant was also collected from untransfected cells as a control. To
extract total RNA, 200 ul of cell supernatant was combined with 800 pul TRI Reagent® Solution
(Applied Biosystems) and incubated for 30 minutes to deactivate ZIKV. RNA was extracted as
described in section 2.6.2 and reverse transcribed using Superscript Ill reverse transcriptase
(Thermo Fisher) according to the manufacturer’s instructions. Briefly, 1 ug of total RNA was
combined with 1 pl of 50 uM random hexamers, 1 pl of 10mM dNTPs, made up to a final
volume of 13 pl with nuclease free H,0 and incubated at 65 °C for 5 minutes, followed by a
1-minute incubation on ice. Next, 4 ul First strand buffer, 1 ul 0.1mM DTT and 1 ul Superscript
[l reverse transcriptase were added per reaction. Reactions were then incubated in a Proflex
PCR system with conditions set at 25 °C for 5 minutes, 50 °C for 60 minutes and 70 °C for 15
minutes.

For analysis of ZIKV M-PK and M-SLD mutations, Vero cells were seeded at 5x10* cells per well
in 24 well plates and infected with either WT, M-PK or M-SLD, as described in section 2.7.1,
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(MOI of 0.005, due to the low titre of M-PK virus stocks). At 24 and 48 hours post infection,
cells were washed with 1 x PBS and 250 ul TRI Reagent® Solution (Applied Biosystems) was
added, followed by incubated for 30 minutes at room temperature. Following deactivation,
50 ul of chloroform was added to the lysates, which were vortexed and then incubated at
room temperature for 2-3 minutes. Samples were then centrifuged at 16,000 x g at 4 °C for
30 minutes before the upper phase was aspirated and placed in a separate tube. 125 ul
isopropanol was then added and samples were inverted 4-6 times, before incubation at room
temperature for 5 minutes. Samples were then centrifuged at 12,000 x g at 4 °C for 10 minutes
and pellets were washed using 500 ul ice cold 75% ethanol. Samples were then centrifuged
at 7500 x g at 4 °C for 5 minutes and remining ethanol was aspirated. Pellets were
resuspended in 20 ul of nuclease free water and quantified using a NanoDrop 1000
spectrophotometer (Thermo scientific). 1 pug of extracted RNA was used to generate cDNA
using an RNA-to-cDNA kit (Applied Biosystems) according to the manufacturer’s instructions.

cDNA was then used as a template for a 2-step PCR reaction. For the first step, 2 pl of ZIKV
cDNA was combined with 0.5 nM forward outer amplicon primer, 0.5 nM reverse outer
amplicon primer, 1 uM dNTPs, 1 x GC buffer (NEB), 4 units of Phusion DNA polymerase (NEB)
and nuclease free water was added to a final volume of 50 ul. Reactions were performed in a
Proflex PCR system (Life Technologies) with conditions set at 95°C for 5 minutes, followed by
20 cycles of 95 °C for 30 seconds, 55 °C for 30 seconds, 72 °C for 1 minute and 1 cycle 72 °C
for 5 minutes.

The secondary PCR reaction was set up using 2 pl of the primary PCR reaction as the template,
with 0.5 nM forward inner amplicon primer, 0.5 nM reverse inner amplicon primer, 1 uM
dNTPs, 1 x GC buffer (NEB), 4 units of Phusion DNA polymerase (NEB) and nuclease free water
was added to a final volume of 50 ul. Reactions were performed in a Proflex PCR system (Life
Technologies) with conditions set at 95 °C for 5 minutes, followed by 35 cycles of 95 °C for 30
seconds, 58 °C for 30 seconds, 72 °C for 1 minute and 1 cycle 72 °C for 5 minutes. DNA was
purified using a Wizard SV Gel and PCR Clean-Up System (Promega) according to the
manufacturer’s instructions and DNA integrity, purity and size were confirmed by 2% agarose
gel electrophoresis. DNA was then sequenced using Sanger sequencing (Eurofins), using the
forward inner amplicon primer.

2.7.5 ZIKV LNA transfections using ZIKV N-Luc infectious virus

Vero cells were seeded at 5x10%cells per well in 24 well plates and incubated overnight. Cells
were then infected (MOI 0.1) with WT ZIKV N-luc IC, as described in section 2.7.1, and
incubated for 3 hours. During this time, LNA oligonucleotides were prepared for transfection
according to the manufacturer’s instructions, using 1 ul of Lipofectamine 2000 per well, 3 uM
or 5 uM LNA and total volume of 100 pl opti-MEM reduced-serum media per well. At the end
of the 3-hour incubation, cells were washed with 1 x PBS and 400 pl of opti-MEM reduced-
serum media was added. 100 ul transfection mix was added to the monolayers and cells were
incubated for 4 hours, before being washed with 1 x PBS and maintained in 500 ul DMEM
until harvest. At 24 and 48 hours post transfection, 80 ul of cell supernatant was collected
and added to 20 pl 5 x Passive lysis buffer (Promega). Lysates were stored at -20°C, prior to
analysis. To measure luciferase expression, 20 ul of Nano-Glo Luciferase substrate (Promega)
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was added to 20 pl cell lysate and quantified using a FLUOstar Optima luminometer (BMG
labtech).

2.8 SHAPE Reactions

2.8.1 SHAPE primer selection

For 32P primer end labelling, 10 nM primer was mixed with 20 units of polynucleotide kinase
(NEB), 2 ul of 1x FS buffer (Invitrogen), 10 uCi of ATP [y-32P] and made to a final volume of
20ul. Reactions were incubated at 37 °C for 30 minutes, followed by incubation at 65 °C for
20 minutes. DNA was then precipitated by addition of 0.2 volumes of 5M NacCl, 0.1 volume of
100mM EDTA, 20 volumes of absolute ethanol and incubated at -80 °C for 30 minutes. DNA
was pelleted by centrifugation at 16,000 xg for 40 minutes and the supernatant aspirated.
The DNA pellet then was resuspended in 50 ul 1mM HEPES buffer.

For primer extensions, 3 pl of labelled primer was added to 300 ng ZIKV 1-772 RNA and
incubated at 95 °C for 5 minutes, followed 35 °C for 5 minutes, and incubation on ice for 2
minutes. 6 ul of a master mix containing 4 pl 5x superscript Il buffer (Invitrogen), 177 mM DTT
and 1.7 mM dNTPs was added to each reaction, followed by incubation at 55 °C for 1 minute.
200 units of Superscript lll (Invitrogen) was added to each reaction, followed by incubation at
55 °C for 30 minutes. 1 pl of 4M NaOH and 32 pl acid stop mix (4:25 (v/v) 1 M unbuffered Tris-
HCI and stop dye (85% formamide, 0.5 TBE, 50 mM EDTA, pH 8.0, containing bromophenol
blue and xylene cyanol tracking dyes) was then added to each reaction followed by incubation
at 95 °C for 5 minutes. Reactions were analysed by 7.5% urea-acrylamide gel electrophoresis
at 180V for 90 minutes. Gels were fixed for 1 hour in fix solution (12% methanol, 10% acetic
acid) and dried for 1 hour on a gel drier. Gels were exposed to a Fujifilm imaging plate for 36
hours and visualised using a Fujifilm FLA-5000 phosphoimager illumination laser 635.

2.8.2 RNA folding and NMIA Treatment

20 pg of uncapped ZIKV 1-772 or ZIKV IC RNA was heated to 95 °C and incubated on ice for 2
minutes, before addition of 45 ul 3.3 x RNA folding buffer (330 mM HEPES (pH 8.0), 20 mM
MgCl, and 330 mM NaCl) and 80 units of RNase inhibitor (Promega). Reactions were then
made up to a volume of 150 ul with nuclease free water and incubated at 28 °C or 37 °C for
30 minutes, before being divided into two 72 ul fractions designated “+” for NMIA treated
reactions and “-” for negative control reactions. 8 pl of 50 mM NMIA was added to the “+”
fractions and 8 ul of neat DMSO was added to the “-” fractions, before incubation at 28 °C or
37 °C for 50 minutes. RNA was precipitated by addition of 0.1 volumes of 5 M NaOAc, 2 ul 100
mM EDTA, 20 ug Glycogen, made up to a volume of 375 ul with ice cold absolute ethanol and
incubated at -80 °C for 30 minutes. RNA was pelleted by centrifugation at 16,000 x g for 30
minutes at 4 °C, washed with 70% ethanol and resuspended in 10 ul of 0.5 x TE buffer pH 8.0
(Ambion).
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2.7.3 SHAPE Primer extension

1 ul of 10 uM 6-carboxyfluorescein (6-FAM) labelled primer was added to 5 ul of either NMIA
treated or DMSO treated ZIKV 5' RNA fragment and made up to 12 pl with nuclease free
water. Reactions were then incubated in a Proflex PCR thermos cycler set at 85 °C for 1
minute, 60 °C for 10 minutes and 35 °C for 10 minutes. A reverse transcription master mix
containing 1 x FS buffer, 12 mM DTT, 40 units of RNase inhibitor, 1.3 mM dNTPs, 200 units of
Superscript Ill, made up to a volume of 8 ul with nuclease free water, was preheated to 37 °C
and added to each reaction before incubation at 52 °C for 30 minutes. Then, 1 pl of 4 M NaOH
was added to each reaction, followed by incubation at 95 °C for 3 minutes. 2 pul 2 M HCl was
then added to each reaction and reactions were incubated for 2 minutes on ice. DNA was
then ethanol precipitated as previously described, washed with 70% ethanol, resuspended in
40 pl deionized formamide and incubated to 65 °C for 10 minutes, vortexed and stored at -80
°C.

2.8.4 SHAPE Ladder preparation

For ddATP sequencing ladders, reactions were performed as for NMIA and DMSO reactions
using 10 pg of ZIKV 1-754 per reaction, with the following additional changes: 1 pl of 10 uM
Hexachloro-Fluorescein labelled primer was added in place of 6-FAM labelled primer; 1 ul
10mM ddATP was added to the reverse transcription master mix.

2.8.5 Sample preparation and data analysis

Prior to analysis, 10 ul of sequencing ladder was added to NMIA and DMSO reactions.
Reactions were analysed by capillary electrophoresis fragment size analysis using the DNA
Sequencing & Services provided by the University of Dundee. Capillary electrophoresis
sequencing data was analysed using the QUSHAPE software package using default settings
(Weeks laboratory, University of California, [291]). Briefly, the NMIA treated (+ve) signal data
is subtracted from the DMSO (-ve) signal, in order to account for non-specific terminations.
Data is then ranked based on intensity and the top 2% of values are discarded as outliers. The
total reactivity is normalised to the average of the next 8% of products, which allows different
data sets to be compared. Three biological repeats were carried out using both SHAPE primers
and the data from the two primers was combined, resulting in a file contain reactivity values
for the entire sequence of interest. NMIA reactivity data was then overlaid onto to a structural
model drawn using the VARNA software package based on thermodynamic predictions made
using “RNAstructure” prediction software Version 6.2 (Mathews lab, University of Rochester,
[292]) and the mfold RNA folding form web server version 2.4 [293].
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Chapter 3 LNA-162 inhibits CHIKV genome replication

3.1 Introduction

Since the RNA replication elements (RREs) within the CHIKV 5’ genome region are known to
be essential for replication and are distinct from host RNA structures, RREs within the CHIKV
genome have the potential to act as targets for antiviral agents. Modified oligonucleotides,
complimentary to primary nucleotide sequences within individual RNA structures, were
designed to disrupt both RNA-RNA and RNA-protein interactions essential for the function of
these RREs and therefore inhibit virus replication. This hypothesis was investigated using
locked nucleic acid oligonucleotides, as these are commercially available and have several
properties which make them ideal for this application. Compared with DNA oligonucleotides,
LNA oligonucleotides bind to target nucleotide sequences with greater specificity, higher
melting temperatures (Tm), are resistant to endonuclease activity increasing half-life in the
cellular environment and can be design such that activation of RNase H activation is not
induced [282,283].

RREs in alphaviruses have not previously been targeted, however LNA oligonucleotides have
previously been used as antiviral agents in a number of divergent RNA viruses. A conserved
RRE within the 3’ region of the HCV genome, termed SL9266, forms a range of pseudoknot
and kissing loop interactions. Targeting SL9266 with LNA oligonucleotides caused inhibition
of HCV translation and significant inhibition of replication, in both sub-genomic replicon and
infectious virus systems [294]. The HIV genome is a homo-dimer of two RNA strands, which
require the interaction of RNA stem-loops termed dimerization initiation sites (DIS). LNA
oligonucleotides have been used to block DIS interactions, resulting in inhibition of HIV
replication [295]. In addition, the HIV TAR element, an RRE essential for transcription of the
integrated genome, has been targeted using LNA oligonucleotides [296,297]. In Ebola virus,
LNA oligonucleotides targeting conserved regions close to the translation start sites of the
nucleoprotein, viral protein 24 and viral protein 35 genes were effective at reducing protein
translation in an in vitro system and in human cells [298]. In addition, LNA oligonucleotides
have been used to inhibit virus replication by targeting host micro RNAs (miRNA). MiR-122 is
a liver-specific miRNA which functions in the HCV lifecycle. Miravirsen, an LNA inhibitor which
binds to a stem-loop structure within miR-122, reached phase 2 clinical trials for treatment of
HCV [299,300].

From analysis of published literature, targeting RREs within the CHIKV genome has not been
investigated as an antiviral approach and nothing has been published regarding the relative
availability of individual RNA elements during active virus replication. In this chapter, binding
of LNA oligonucleotides to specific RREs within the 5" UTR and adjacent nsp1 coding region of
CHIKV is characterised, in the context of a folded RNA molecule. Using a of variety of
approaches the effects of antisense LNA oligonucleotides on CHIKV replication are
determined, validating the concept that such structures are available for binding and can be
targeted in the context of the infectious CHIKV lifecycle. In addition, the lifecycle stage at
which an antisense LNA oligonucleotide impairs CHIKV replication was determined.
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3.1.1 CHIKV RNA structures

Using a combination of selective 2’ hydroxyl acylation analysed by primer extension (SHAPE)
constrained thermodynamic modelling and structure based reverse genetics approaches,
members of the Tuplin laboratory previously characterised RREs within the first 300 nts of the
CHIKV genome, demonstrating that they are essential for efficient virus genome replication
in both mammalian and mosquito hosts [2]. Two RREs (SL3 and SL47) were identified within
the 5 UTR and five are present in the adjacent nspl encoding region of ORF1 (SL85, SL102,
SL165, SL194 and SL246) [2]. These RREs function during genome replication within the
positive sense genomic RNA, at the stage of negative strand synthesis.

SL47 is highly conserved structure which functions in both human and mosquito cells, in a
structure dependent manner. SL47 has been proposed to play a role in CHIKV template
specificity during the initiation of negative-strand synthesis [2,301]. SL85 and SL102 are
involved in replication in mammalian cells again, in a structure dependent manner. SL85 may
also form potential local pseudoknot interactions, between SL85 apical region and an
adjacent upstream genome region, overlapping with the AUG start codon [2].

SL165 and SL194 correspond to the 51 nt nsP1 conserved sequence element (CSE), which is
highly conserved in structure and sequence across the alphavirus genus [109-111,301]. In
CHIKV, the 51 nt element enhances replication in human cells but does not have significant
effect on virus replication in A. albopictus derived cells - in contrast to VEEV and SINV where
the 51 nt element enhances replication in both vertebrate and invertebrate derived cells.
Reverse genetic studies demonstrate that SL165 functions through a structure-dependent
and sequence independent mechanism. In contrast, the function of SL194 is dependent on
both the primary sequence of its terminal unpaired loop and the structure of the
heteroduplex stem - with the terminal loop acting as a CHIKV-specific signal motif [2].

3.1.2 Rational for the design of LNA oligonucleotides

In order to disrupt the function of RNA structures in CHIKV, a panel of antisense LNA
oligonucleotides was designed to bind specifically to primary sequence within RREs. Since the
RNA structures within the 51 nt CSE, SL165 and SL194, are highly conserved and known to be
essential for CHIKV replication, it was reasoned that these structures would be good
candidates for LNA targeting. LNA-162 targets the top-loop and duplex of SL165, targeting
nucleotides 162-181; LNA-202 targets the top-loop and duplex of SL194, targeting nucleotides
202-220 (Fig. 3.1).

LNA-225 targets nucleotides 225-244, targeting a conserved region of the genome between
SL194 and SL246 (CR). In order to control for non-specific effects on virus replication,
associated with LNA hybridisation, LNA-760 (targeting nucleotides 760-779 within a non-
structured region of the nsp1l coding region) was designed as a negative control.
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Figure 3.1 Binding regions for targeted antisense LNA oligonucleotides against CHIKV

37 °C SHAPE reactivities for individual nucleotides overlaid onto a 37 °C thermodynamically
derived model of RNA folding, generated using SHAPE-directed constraints. Binding regions
for LNA-162 (Red line), LNA-202 (Blue line) and LNA-225 (Black line). The CHIKV SHAPE map
was produced by Kendal et al. [2].

3.1.3 Factors associated with LNA design

LNA oligonucleotides are a powerful tool for molecular research, however, in order to be used
effectively a number of design factors must be considered. LNA nucleotides contain an
additional bridge connecting the 2’ oxygen and 4’ carbon, locking the nucleotide in an ideal
conformation for Watson-Crick base pairing, and in an LNA mixmer oligonucleotide, LNA
nucleotides are interspaced within a DNA backbone. LNA oligonucleotides are designed to
have a high affinity for the intended target, whilst limited self-hybridisation and secondary
structure formation. The position of LNA nucleotides within the DNA backbone sequence,
length and sequence of the oligonucleotide are all highly important for effective design.

In order to maximise binding affinity, LNA oligonucleotides were optimised using the LNA Tm
predictor (Qiagen). Compared with DNA oligonucleotides, LNA oligonucleotides have
different melting properties and thus specialised algorithms are required for Tr, prediction.
Tm Predictor (Qiagen) uses a modified nearest-neighbour thermodynamic model combined
with data from measurements of oligonucleotides ranging for 12-27 bp to predict the Tn, of
an LNA oligonucleotide at a neutral pH. The predicted Tm of LNA oligonucleotide binding is
dependent on the type of nucleic acid being targeted, differing between DNA or RNA targets.
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Anti-CHIKV LNA oligonucleotides were designed to maximise the T for RNA binding, aiming
for an RNA Tr, of between 75-90 °C.

Due to the improved properties of LNA nucleotides, secondary structures can form easily and
LNA oligonucleotides may be self-complementary. Using the LNA Oligo optimiser (Qiagen) it
is possible to predict the formation of such elements, which informs the design of the LNA
oligonucleotide. The LNA Oligo optimiser hybridisation score predicts the melting
temperature for interactions between different molecules of the same LNA oligonucleotide
(i.e. the temperature at which dimers or chains of the LNA oligonucleotide will not be stable)
and the secondary structure score predicts the melting temperature for secondary structures
within the LNA oligonucleotide. LNA oligonucleotides were designed to have a hybridisation
and secondary structure scores score of less than 28 °C, to ensure that LNA oligonucleotides
were viable for use in cell culture experiments. The inclusion of three 5’ and 3’ terminal LNA
nucleotides are another design consideration. This prevents nuclease degradationin a cellular
environment and therefore improves the half-life of oligonucleotide. As an addition
consideration, LNA oligonucleotides were designed to prevent activation of RNase H, which
will degrade RNA/DNA hybrids. LNA oligonucleotides were therefore deigned to have no
more than four consecutive DNA bases, preventing RNase H activation.

3.2 LNA oligonucleotides bind to a folded RNA molecule

3.2.1 Analysis of LNA panel binding to CHIKV RNA

Although LNA oligonucleotides were designed to bind the primary RNA sequence, and
theoretically should be able to bind to the intended sequence, secondary and tertiary RNA
interactions may prevent LNA oligonucleotides from accessing the intended sequence. For
example, the LNA binding site may be inaccessible due to a pseudoknot interaction. It is
therefore important to determine that LNA oligonucleotides are able to bind RREs in the
context of a folded RNA molecule, in a setting where RNA and LNA concentration can be
controlled at a high level. To compare the ability of LNA oligonucleotides to bind their
intended RNA targets, native electromobility shift assays (EMSAs) were utilised. Unlike
denaturing gel electrophoresis, native EMSAs allows both RNA and LNA: RNA complexes to
maintain a folded state on a gel. The CHIKV 1-337 RNA is 337 nts in length and therefore
separates at a much higher position on the gel compared with the LNA oligonucleotides
(around 20 nts) therefore, LNA-RNA complexes will separate at a different position on a gel
compared with free LNA. This makes it possible to distinguish between LNA oligonucleotides
which can bind the CHIKV RNA and LNA oligonucleotides which are not able to bind the RNA.

LNA oligonucleotides were 5’end labelled using y-32P ATP and visualised on a native PAGE gel
(Fig. 3.2). Radiolabelled LNA were incubated with folded CHIKV 1-337 RNA, using a 1:2.5 ratio
of LNA to RNA. EMSAs confirmed that LNA-162, -202 and -225 are able to bind their intended
RNA targets, whereas the control LNA-760 and scrambled-LNA were unable to bind the RNA
(Fig. 3.3A). This indicates that LNA oligonucleotides are able to specifically bind to their
intended target sequences and that non-specific interactions do not play a significant role in
LNA-RNA interactions. If an LNA is able to bind the RNA target, the resulting LNA/RNA complex
will separate at a higher position on the gel compared with unbound 32P labelled LNA, relative
to the length of the target RNA. Since the bound LNAs are only around 20 nucleotides in
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length, LNA/RNA complexes should separate to a similar position on a native gel to 32P
labelled CHIKV 1-337 RNA molecules. As a control for the position of the shift, a 32P labelled
CHIKV RNA molecule was loaded alongside the samples containing 3P labelled LNA.

LNA- LNA- LNA- |NA- Scrambled
162 202 225 760 LNA

Figure 3.2 Visualisation of LNA oligonucleotides

LNA oligonucleotides were 5 end labelled using y-3’P ATP and visualized on a 7.5% native PAGE
gel. Differences in the levels of y->2P signal can be attributed to efficiency of labelling and
ethanol precipitation, which was used to purify the labelled LNA oligonucleotides. LNA
oligonucleotides are either 19 nucleotides (LNA-202, Scrambled-LNA) or 20 nucleotides (LNA-
162, LNA-225, LNA-760). Since LNA oligonucleotides were separated using a native gel, it is
possible that the folding conformations of the different LNA oligonucleotides influences the
rate of migration through the gel.

To investigate the specificity of the LNA-162 binding interaction, a dose response experiment
was performed, using increasing concentrations of RNA at ratios 1:0, 5:1, 1:1, 1:2.5, 1:5 LNA:
RNA, using 1.25 pmol of LNA (Fig. 3.3B). As more RNA was added, the percentage of LNA in
complex increased, demonstrating a dose-dependent effect (Fig. 3.3C). This, combined with
the lack of binding seen for negative control LNA oligonucleotides, demonstrates that the
binding effect of LNA-162 to the CHIKV RNA is a specific interaction.
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Figure 3.3 LNA-RNA binding assays for CHIKV RNA 5’ region

A) LNA oligonucleotides were end labelled with 32P prior to incubation with folded CHIKV 1-
337 RNA. LNA-162, -202 and -225 are able to bind target RNA structures. Both control LNA-
760 and scrambled-LNA showed no binding. B) Binding efficiencies for LNA oligonucleotides
were quantified by densitometry, as a percentage of total lane density, normalised to the
corresponding lane containing no RNA (n = 2). C) 3?P labelled LNA-162 was incubated with
increasing concentrations of folded CHIKV RNA. Increasing the concentration of RNA added
results in a greater shift of labelled LNA. For both A and C, 3?P labelled CHIIKV 1-337 RNA was
included as a size marker to indicate that the 3P signal from the LNA had shifted to the correct
position. Since the LNA/RNA complex has only marginally increased molecular weight
compared with the RNA alone, both migrate a similar distance on a native EMSA. D) Binding
efficiency for LNA-162 was quantified using densitometry as relative levels of levels of
unbound LNA, shown as a percentage of total lane density (n = 3). Error bars represent
standard error of the mean.
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3.3 LNA-162 inhibits infectious CHIKV

3.3.1. LNA-162 inhibits CHIKV

Having shown that LNA oligonucleotides were able to bind their target in a native EMSA, the
effects of LNA transfection on infectious virus replication was next investigated. LNA-162, -
202 and -225 were designed to bind functional RREs SL165, SL194 and the CR respectively.
The control LNA-760 was designed to bind a non-structured region of the nspl coding region,
to act as a negative control for binding to the RNA sequence. A scrambled LNA was also
included as a control for transfection of LNA oligonucleotides into cells. Huh7 cells were
infected with CHIKV (MOI 1) and incubated for 3 hours to allow the formation of replication
spherules. 600 nM LNA oligonucleotides were then transfected into the cells and CHIKV titre
was assessed at 24 hours post infection (Fig 3.4B). Compared with mock transfected cells,
transfection of Scrambled-LNA, LNAs-202, -225 and -760 had no significant effect on released
virus titre. In contrast, transfection of LNA-162 significantly reduced the released CHIKV titre
(P values less than or equal to (P <) 0.05), representing an approximately 80% reduction in
CHIKV titre compared with transfection of scrambled-LNA. To investigate the effects of higher
concentrations of LNA-162, CHIKV infected Huh7 cells (MOI 1) were transfected with 3 uM
LNA-162, which again resulted in a significant reduced viral titre (P < 0.0001) (Fig. 3.4C). LNA-
162 was assessed for cellular toxicity, with a 20% decrease in cell viability deemed as the
maximum acceptable decrease in cell viability. At 6 hours, transfection of 10 uM LNA-162
resulted in a 20% decrease in cell viability compared with untreated cells whereas, at 24
hours, transfection of 10 uM LNA-162 resulted in a 30% decrease in cell viability compared
with untreated cells (P < 0.01). Transfection of 5 uM LNA-162 resulted in a 10% decrease in
cell viability at 6 hours and a 20% decrease in cell viability at 24 hours (appendix Fig. 1).
Consequently, concentrations of LNA-162 equal to or less than 5 uM were deemed acceptable
for use in cellular assays. It was therefore concluded, that since transfection of equivalent
concentrations of scrambled-LNA did not affect CHIKV replication, LNA-162 is able to
specifically interact with CHIKV during the virus lifecycle and disrupt the virus replication
process.
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Figure 3.4 LNA-162 inhibits CHIKV

A) Schematic of experimental design. B) Huh7 cells were infected with CHIKV (MOI 1) and then
transfected with 600nM LNA oligonucleotides. Supernatants were harvested 24 hours post
infection and virus titre was determined by plaque assay. C) Huh7 cells were infected at an
MOI of 1, before transfection with 3 uM LNA-162 or Scrambled LNA. Supernatants were
harvested 24 hours post infection and virus titre was determined by plaque assay. * = P <0.05,
** = P <£0.0001 (Two-tailed T-test vs scrambled LNA) (n = 3). Error bars represent standard

error of the mean.

Having shown that LNA-162 can inhibit CHIKV, the effect of transfecting a range of different
concentrations of LNA-162 on CHIKV replication was investigated (Fig. 3.5). Transfection of 3
UM, 1.25 uM and 600 nM LNA-162 transfection resulted similar levels of significant inhibition
(P < 0.001). Transfection of 300 nM LNA-162 showed significant inhibition, but to a lesser
extent than the higher concentrations used (P < 0.005). Concentrations below 300 nM did not
significantly reduce viral titre compared with scrambled LNA.
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Figure 3.5 LNA-162 and scrambled LNA dose response curve

Huh7 cells were infected (MOI 1) and cells were transfected with different concentrations of
LNA-162 or scrambled-LNA at 3 hours post infection. Supernatant was collected at 24 hours
post infection and virus titre was determined by plaque assay. *= P < 0.005, ** = P < 0.001,
(Two-tailed T-test vs scrambled LNA) (n = 3). Error bars represent standard error of the mean.

Having shown that LNA-162 is able to inhibit CHIKV replication the effect of transfecting 3 uM
LNA-162 at different stages of the lifecycle was investigated. Huh7 cells were infected with
CHIKV (MOI 1) and then transfected with LNA-162. Cell supernatant was collected at 7, 12,
16, 24 and 48 hours post infection (Fig. 3.6). At all of the time points tested, LNA-162
transfection caused a significant reduction in CHIKV titre compared with transfection of
scrambled-LNA. At 7 hours, a small but significant difference (P < 0.01) was observed, which
reflects the low amounts of virus present at this time point. At 12 hours post infection,
transfection of LNA-162 produced a significant reduction in CHIKV titre (P < 0.05). By 16 and
24 hours post infection, LNA-162 transfected cells showed an 85-90% reduction in virus titre
compared with scrambled-LNA transfection (P < 0.001). By 48 hours, the effect on CHIKV
replication was slightly diminished, which may reflect the half-life of the LNA in the cells, but
remained significant (P < 0.05).
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Figure 3.6 CHIKV growth curve from 7 to 48 hours post infection

Huh7 cells were infected with CHIKV (MOI 1) and incubated for 3 hours before transfection
with 3 uM of either scrambled-LNA or LNA-162. Released CHIKV titre was quantified by plaque
assay. *=P<0.05, **=P<0.01, *** =P <0.001 (Two-tailed T-test vs scrambled LNA) (n = 3).
Error bars represent standard error of the mean.

Additionally, another experiment was performed, where Huh7 cells were first transfected
with 3 uM LNA-162 and then infected with CHIKV (MOI 10) (Fig. 3.7). At 6 hours post infection,
there was no significant difference between LNA-162 and scrambled transfected cells
however, by 24 hours post infection, LNA-162 transfected cells produced significantly less
CHIKV compared with Scrambled-LNA (P < 0.0001), showing comparable levels of inhibition
to experiments where the LNA was added post-infection. The lack of difference between
conditions at 6 hours may be a result of the experimental set up, where CHIKV replication has
not yet begun in earnest and the viral titre reflects high levels of input virus, therefore LNA-
162 has not affected replication.

73



A) Transfect LNA Infect with CHIKV Harvest

| ! |
—

-4 hrs 0 hrs 24 hrs
B) q

106 1053
z E

%105 S 10%
k3 e
2 £
- :
&

= 1044

% 10 T 10

5 o

103-

Mock Scrambled LNA-162 Mock Scrambled LNA-162

Figure 3.7 CHIKV infection of LNA transfected cells.

A) Schematic of experimental time scale. B-C) Huh7 cells were transfected with 3 uM LNA-162
or Scrambled LNA and infected with CHIKV (MOI 10). CHIKV was harvested at 6 (B) and 24 (C)
hours post infection and virus titres were determined by plaque assay. * = P < 0.0001 (Two-
tailed T-test vs scrambled LNA) (n = 3). Error bars represent standard error of the mean.

3.3.2 Transfection of LNA-162 into CHIKV infected cells reduces viral protein
expression

To investigate level of CHIKV protein expression, Huh7 cells were infected with CHIKV (MOI
1) and then transfected with 3 uM LNA-162 or scrambled-LNA. Cells were lysed at 24 hours
post infection and protein expression was analysed by western blot (Fig. 3.8). Huh7 cells
transfected with LNA-162 showed a marked reduction in expression of both the structural
capsid protein and the non-structural nsp1 protein. This evidence supports the findings of the
previous infectious CHIKV experiments, and supports the conclusion that LNA-162 is able to
significantly impair CHIKV replication.
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Figure 3.8 LNA-162 inhibits CHIKV protein expression.

Huh7 cells were infected with CHIKV (MOI 1) and transfected with 3 uM LNA-162, scrambled-
LNA or mock transfected at 3 hpi. Intracellular expression levels of CHIKV capsid and nsp1 were
determined by western blot at 24 hours post infection. Membranes were stained with anti-
actin as a loading control to ensure equivalent amounts of cell lysate were loaded into each
well. Antibodies used as follows: primary anti-capsid (1:1000, rabbit polyclonal, in-house),
anti-nsp1 (1:1000, rabbit polyclonal, in-house) and anti-actin (clone AC-15, mouse
monoclonal, Sigma) and secondary antibodies (IRDye® 800CW Donkey anti-Mouse; IRDye®
680LT Donkey anti-Rabbit; Li-Cor).

3.3.3 Viral genome copies are reduced in cells transfected with LNA-162

In order to begin narrowing down the lifecycle stage that LNA-162 is affecting, the CHIKV
genome copy number in infected cells was quantified. Huh7 cells were infected with CHIKV
(MOI 1), and transfected with 3 uM LNA-162 or scrambled LNA. Total RNA was extracted at
24 hours post infection. CHIKV genome copies were quantified by gRT-PCR (Fig. 3.9). Cells
transfected with LNA-162 had significantly fewer CHIKV genome copies compared with
Scrambled-LNA transfected cells (P < 0.0005), indicating that LNA-162 may affect the genome
replication stage of the lifecycle. CHIKV supernatant was collected for the wells where RNA
was extracted, as a comparison of relative levels of inhibition. Plaque assay results showed a
high degree of similarity to qRT-PCR results (P < 0.005), confirming the validity of the gRT-PCR
results and further indicating that LNA-162 is an effective inhibitor of CHIKV replication.
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Figure 3.9 CHIKV infection of LNA transfected cells

A) Diagram of experimental workflow B) Total RNA was extracted from Huh7 cells infected
with CHIKV (MOI 1) and transfected with 3 uM of either LNA-162 or scrambled-LNA. RNA was
quantified by reverse transcription followed by gPCR (n = 3). C) Released CHIKV collected from
the same wells used for qRT-PCR experiments was collected at 24 hours post infection and
quantified by plaque assay. * = P < 0.005, ** = P < 0.0005 (Two-tailed T-test vs scrambled LNA)
(n = 3). Error bars represent standard error of the mean.
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3.4 LNA-162 Inhibits the sub-genomic replicon

3.4.1 LNA-162 inhibits the CHIKV sub-genomic replicon in a dose-dependent
manner

In order to further investigate which stage of the virus lifecycle was being impaired by LNA-
162, a CHIKV sub-genomic replicon system (CHIKV SGR) was utilised. CHIKV SGR expresses the
non-structural CHIKV proteins (nsp1-4) from the first ORF, but expresses a firefly luciferase
reporter from the second ORF in place of the viral structural proteins (Fig. 3.10). Since the
replicon contains all the viral proteins associated with genome replication, this system can be
used as a model for viral genome replication.

The effect of LNA oligonucleotides on CHIKV replicon replication was assayed in Huh7 cells at
6 hours post transfection (Fig. 3.11). For all data presented, LNA oligonucleotides were co-
transfected with CHIKV SGR and a 5’ capped Renilla luciferase RNA, using lipofectamine 2000.
LNA oligonucleotides were transfected into Huh7 cells at a range of concentrations from 20
nM to 250 nM, in order to investigate dose-dependent effects on CHIKV replication. At the
lowest concentrations of LNA transfected, 20 nM and 30 nM, LNA-162 did not have a
significant effect on CHIKV genome replication. The reduction in replication became
significant when LNA-162 was co-transfected at concentrations above 50 nM LNA-162 and all
subsequent higher concentrations of LNA-162 tested significantly impaired CHIKV genome
replication.

In contrast, co-transfection of a scrambled-LNA control at equivalent concentrations to LNA-
162 did not affect replicon replication up to a concentration of 100 nM. At concentration
above 100 nM a small amount of inhibition was observed however, at these concentrations
there was a reduction in the levels of luciferase activity detected from the Renilla expressing
transfection control. This may suggest that at concentrations of LNA above 100 nM,
transfection efficiency had been reduced and therefore explains the lower firefly luciferase
levels detected at these concentrations. In order to account for the reduction in transfection
efficiency, the firefly expression signal was normalised to the Renilla luciferase signal. In the
normalised data, transfection of LNA-162 at concentrations above 30 nM resulted in
significant inhibition of CHIKV replication, with a greater effect on replication seen at higher
concentrations of LNA-162, demonstrating a dose depend effect. Significant inhibition of
CHIKV replication was seen at 30 nM (P £ 0.05), 50 nM (P £0.01), 75-200 nM (P < 0.001) and
250 nM (P £ 0.01). By contrast, co-transfection of equivalent concentrations of scrambled-
LNA produced no effect on CHIKV genome replication, demonstrating that LNA-162 acts
through a specific mechanism and that the effect on CHIKV genome replication is not due to
non-specific interactions. In addition, transfection of 100 nM LNA-202, LNA-225 and LNA-760
had no effect on CHIKV genome replication (appendix Fig. 2)
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Figure 3.10 CHIKV sub-genomic replicon schematics

A) Full length CHIKV genome. B) Firefly luciferase expressing CHIKV replicon (CHIKV-Fluc SGR),
where the second OFR is replaced with a Firefly luciferase coding region. Luciferase expression
can be used as a meaure of CHIKV genome replication. C) A replication deficient CHIKV replicon
(CHIKV-Fluc SGR GAA) where an Renilla luciferase (R-luc) sequence is inserted into the nsp3
coding region. Levels of Renilla luciferase expression can be used as a measure of CHIKV
translation.
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Figure 3.11 LNA- 162 inhibits CHIKV genome replication

LNA-162 inhibits CHIKV genome replication. A-B) Huh7 cells were co-transfected with CHIKV
SGR, a Renilla luciferase expressing transfection control and either LNA-162 (A) or scrambled-
LNA (B) at concentrations ranging from 1-250nM. Cells were lysed at 6 hours post infection
and levels of firefly and Renilla luciferase were determined. C) Huh7 cells were co-transfected
with CHIKV SGR, a Renilla luciferase expressing transfection control and either LNA-162 or
scrambled-LNA at concentrations ranging from 1-250nM. Cells were lysed at 6 hours post
infection and levels of firefly and Renilla luciferase were determined. Firefly luciferase signal
was normalised to Renilla transfection control signal. * = P < 0.05, ** = P<0.01, ***=P <
0.001. (Two-tailed T-test vs scrambled LNA) (n = 3). Error bars represent standard error of the
mean.
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3.4.2 The effect of LNA-162 on replicon translation

Since LNA-162 binds to the CHIKV RNA, it is possible that the oligonucleotide could interfere
with the process of translation. In order to investigate this, a translation reporter system was
utilised. The Fluc-Rluc-(GDD>GAA)-SGR construct contains an active site mutation (GDD>GAA)
which prevents replication. Since this construct also contains a Renilla luciferase gene within
the nsp3 coding region, expression of Renilla can be used as a measure of translation. Huh7
cells were co-transfected with Fluc-Rluc-(GDD>GAA)-SGR and either 100 nM LNA-162,
scrambled-LNA or no LNA. WT CHIKV SGR was also included in the experiment for comparison.
Luciferase expression was measured at 4, 6 and 12 hours post transfection (Fig. 3.12) (4 and
12-hour time points shown in appendix Fig. 3). Transfection of LNA-162 had no significant
effect on translation at all time points, indicating that LNA-162 does not affect translation
efficiency.
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Figure 3.12 LNA-162 does not inhibit CHIKV Translation

The effect of LNA transfection on translation were determined using a replication deficient
CHIKV replicon system (CHIKV_Rep(GDD>GAA)) in Huh7 cells. Expression of Renilla luciferase,
representing translation, was determined at 6-hours post transfection. (n = 3). Error bars
represent standard error of the mean.

3.5 Discussion

There are currently no licenced treatments available which specifically impair CHIKV
replication. Since CHIKV RREs are known to be essential for viral genome replication, targeting
these RNA structures is one method which could lead to specific antiviral therapies. In order
to investigate the availability of RREs for targeting during CHIKV replication, and if disruption
of RREs using an agent which acts in trans is sufficient to impair replication, antisense LNA
oligonucleotides were utilised. Despite the knowledge that CHIKV RREs are required for
efficient replication, at the outset of this project it was uncertain whether RREs would be
available for binding within the RNA replication complex. Factors such as binding of trans
activating factors to RREs or tertiary RNA-RNA interactions may prevent LNA binding. In
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addition, since RNA replication takes place within membrane bound spherules, LNA
oligonucleotides may be unable to access the site of RNA replication.

Of the LNA oligonucleotides investigated in this thesis, one oligonucleotide, LNA-162 (specific
to RRE SL165) was shown to inhibit CHIKV genome replication, demonstrating that the RRE
SL165 is accessible to trans acting agents during virus replication and is a viable target for
antiviral agents. Presumably, the oligonucleotide acts by disrupting the essential folding
conformation of the stem loop structure or via disruption of essential trans activating RNA
binding proteins. Alphavirus RNA is replicated in membrane bound replication complexes,
which contain both the viral RNA and non-structural proteins [302] and previous studies have
indicated that replication complexes are most active in RNA synthesis at around 4 hours post
infection [303,304]. LNA-162 was able to significantly inhibit CHIKV replication when
transfected into infected cells at 3 hours post infection, indicating that the LNA is able to gain
access to the viral RNA within the replication complex. Since alphavirus RNA replication
initially takes place at the plasma membrane [305], it is possible that LNA-162 may bind prior
to the formation of membrane-bound replication spherules. Electron microscopy images of
SINV infected BHK cells shows that early replication complexes are connected with
cytoplasmic side of the plasma membrane [306], and LNA oligonucleotides could feasible
enter where replication complexes are open to the cytoplasm. In addition to LNA
oligonucleotides overcoming entry into the replication complex, individual RREs may be
unavailable for binding due to the presence of higher order RNA-RNA interactions or binding
of trans activating factors, such as cellular or viral proteins.

Inhibition of replication by LNA-162 indicates that SL165 is available for binding within the
replication complex and that the hybridisation strength of LNA-162 is likely sufficient to
outcompete other factors which could prevent binding. In order to investigate the lifecycle
stage at which LNA-162 acts, a sub-genomic replicon system was utilised, which acts as a
model for genome replication. Inhibition of the sub-genomic replicon indicated that LNA-162
impairs CHIKV replication at the level of genome replication. It as also confirmed that LNA-
162 does not significantly impair translation of ORF-1, indicating that inhibition is due to LNA-
162 acting directly on the viral RNA to prevent the function of the RRE SL165, rather than
through steric hinderance of the translation machinery.

Interestingly, although both LNA-202 and LNA-225 were shown to bind to the CHIKV genome
by EMSA, neither oligonucleotide was shown to significantly impair CHIKV replication in both
infectious virus or replicon systems. Since SL194 is known to be essential for genome
replication, this would indicate that the lack of antiviral activity is due to the target sequences
being inaccessible within the replication complex. Higher order RNA/RNA interactions or
trans activating RNA binding proteins could block the LNA-RNA when in the context of an
infected cell. It may also be possible that different anti-sense LNA oligonucleotides are
variable in their ability to enter the replication complex or that these oligonucleotides do not
have sufficient binding strength to outcompete trans activating factors. Such results
demonstrate the importance of investigating antiviral agents in the context of a cellular
system, as binding of agents to antiviral agents within an in vitro (or in silico) system will not
necessarily lead to the desired effect when the complexity of the wider virus-cellular
interaction is considered.
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Since the first use oligonucleotides to inhibit viral replication in the 1970s [280], several
antisense oligonucleotide drugs have been approved for use in a range of conditions. For
example, Nusinersen is an antisense oligonucleotide used in treatment of spinal muscular
atrophy. Nusinersen functions by modulating alternative splicing of the survival of motor
neuron 2 gene (SMN2), functionally converting it to the SMN1 gene. This increases the level
of the SMN protein, halting disease progression [307,308]. In addition miravirsen, an LNA
oligonucleotide treatment targeting host miRNA MiR-122, reached phase Il clinical trials for
in the treatment of HCV [299]. Although miravirsen did not enter the clinic, likely due to the
development of direct acting antivirals [309], this demonstrates the viability of this approach.

Viral RREs make attractive targets for novel anti-viral agents due to the essential roles which
they play in viral replication and their specificity to the virus, which may limit off target side
effects [2]. LNA oligonucleotides have previously been used to target RNA structures in a
number of divergent RNA viruses. In HIV-1, LNA oligonucleotides have been used to block the
dimerization initiation site, preventing formation of the genome homodimer [295] and in
HCV, LNA oligonucleotides targeting RNA stem-loop structures block interactions between
the viral cis-acting replication element and 3’ non-coding region, causing inhibition of viral
translation [294]. Since RREs in CHIKV have been shown here to be viable targets for antiviral
agents, it is possible that this approach can potentially be applied to many viruses which
contain functional RREs.

In summary, RRE SL165 within the CHIKV genome can be specifically targeted using antisense
LNA oligonucleotides, resulting in inhibition of viral genome replication. This demonstrates
that the viral replication complex is accessible to oligonucleotides and that the viral RRE SL165
is available for binding within the RNA replication complex, whilst other RREs such as SL194
may be inaccessible. These findings further our understanding of CHIKV RNA replication and
provide a rational for the use of antiviral agents targeting RREs in CHIKV. Following on from
these experiments, SL165 could provide the basis for further screening of small molecules,
for example by using small molecule microarrays, which may improve binding specificity and
achieve greater effect on CHIKV replication [310].
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Chapter 4 ZIKV SHAPE mapping

4.1 Introduction

RNA structures found within the 5" UTR and adjacent capsid coding region are critically
important for the lifecycle of Flaviviruses and have been shown to play important roles in RNA
replication [152,206]. Compared with other flaviviruses, ZIKV has 58%-60% nucleotide
sequence identify with WNV and DENV [153] and RNA elements such as SLA are often highly
conserved between different flaviviruses [152]. The first 498 bp of the ZIKV genome were
selected for study, in the context of both full-length genome and truncated ZIKV 1-754 bp
transcripts at both 28 °C and 37 °C. There are several reasons for investigating this region.
Firstly, the most highly conserved and well-studied Flavivirus RNA structures SLA, SLB and cHP
are contained within this region [152,311]. Since functional studies of these structures have
been carried out in other, closely related viruses, it is important to establish the similarity of
these structures between ZIKV and related viruses, to ensure that the same models of
replication can apply. For example, if the ZIKV SLA was structurally divergent to other
flaviviruses, then it may function in a different way. Secondly, as RNA structural arrangement
is sensitive to temperature variations, RNA structures may form differently at 28 °C compared
with 37 °C, reflecting the differing body temperatures of the arbovirus invertebrate and
mammalian hosts. Thirdly, this region contains the conserved sequence elements responsible
for genome cyclisation, allowing the cyclised state of the RNA molecule to be determined.
The ZIKV 1-754 RNA molecule acts as a negative control for genome cyclisation, since it lacks
the 3’ cyclisation sequences.

Prior to the use of SHAPE mapping, techniques such as enzymatic digestion and chemical
probing were used to determine if nucleotides were base-paired or non-base paired. Using
the enzymatic method, RNA molecules were first end labelled with a radioactive marker and
then partially cleaved, using ribonucleases (RNases) which specifically cleave either single
stranded or double stranded RNA. For example, in a native RNA buffer, a single stranded
cleaving enzyme (e.g. RNase T1) will digest only single stranded regions of a folded RNA
molecule. This causes a specific pattern of digestion with fragments of varying length, and
this can be compared to an equivalent RNA molecule sequencing ladder which has been
digested in a denaturing buffer (i.e. where all nucleotides can be digested by the single
stranded specific enzyme). By resolving both native and denatured reactions on a denaturing
polyacrylamide gel, the position of base paired and single stranded nucleotides can be
determined, as shown by the methodology published by Nilsen, 2011 [312]. Chemical
reagents can be used in a similar manner to interrogate RNA structure. For example,
ethylnitrosourea alkylates compounds can phosphorylate oxygen atoms in single stranded
RNA regions which do not form tertiary interactions. This results in the formation of a
phosphodiester, which is hydrolysed, causing the RNA to cleave. RNA fragments generated
by cleavage can subsequently be analysed by gel electrophoresis as previously described
[313]. Traditional chemical and enzymatic approaches have a number of limitations. Firstly,
the reagents can react non-specifically, causing some base pairs, such as G-U pairs, to be
identified as reactive [314]. In addition, a given reagent can typically only react with a subset
of the four RNA nucleotides, for example RNase T1 can only react with G nucleotides [312].
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This means that multiple reagents need to be used to examine all of the nucleotide positions
in a given RNA sequence, which may also result in conflicting data for individual nucleotides
[314]. The size of the transcript which can be analysed is also limited to the resolving size of
the denaturing gel and requires the use of radio labelled primers.

To avoid these short comings, RNA structures in ZIKV were mapped using selective 2'-hydroxyl
acylation analysed by primer extension (SHAPE) chemistry. SHAPE involves the use of
reagents, such as N-methyl-nitroisatoic anhydride (NMIA), which covalently bind to the 2'-
hydroxyl groups of the ribose backbone in nucleotides which are structurally flexible (Fig 4.1).
The workflow for SHAPE reactions/ data processing is summarised in figure 4.2 and 4.3. Single
stranded (unconstrained) nucleotides are more likely to display conformations that enhance
the nucleophilicity of the 2’ hydroxyl group, therefore NMIA reacts selectively with non-base
paired RNA nucleotides, forming adducts which can be detected using reverse transcription.
As the reverse transcriptase enzyme terminates at the position of the adducts, this generates
a pool of multiple cDNAs, the length of which is determined by the nucleotide position at
which termination occurred [315]. The cDNA is then quantified to give a measure of the
reactivity of each nucleotide within the RNA sequence. The position of each nucleotide is
determined by comparing the NMIA signal with a sequencing ladder derived from the same
RNA sequence and each nucleotide position is assigned a normalised reactivity score on a
scale of 0 to 5, where a score of 1 is the average reactivity for a highly reactive nucleotide
[291]. Nucleotides with a normalised reactivity score of greater than 0.7, up to a score of 5,
are classed as highly reactive, indicating that these nucleotides are structural flexible and are
therefore non-base paired (nucleotides with a score of greater than 5 are classified as having
a reactivity of 5). A reactivity score between than 0.3-0.7 indicates that the nucleotide is
partially reactive, indicating that the nucleotide is sometimes base paired and sometimes
non-base paired. This may suggest that the RNA region is structurally flexible and adopts
multiple conformations. By contrast, nucleotides with a score of less than 0.3 have low
reactivity, indicating that these nucleotides are constrained and therefore are base paired.
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Figure 4.1 RNA modification by N-methyl-nitroisatoic anhydride (NMIA)

A) NMIA reacts preferentially with the 2’ -hydroxyl group of non-basepaired RNA nucleotides,
which are flexible, forming 2’ -O-adducts. B) NMIA does not react with base-paired
nucleotides, where the nucleotides are constrained. Adapted from Wilkinson et al [316].

The SHAPE technique has several advantages over the traditional chemical and enzymatic
probing techniques. As NMIA is able to react with all of RNA bases, a single reagent can be
used to interrogate every base, therefore the entire RNA sequence can be analysed in a single
reaction. Due to high sensitivity, NMIA reactivity is able to detect tertiary RNA structures,
such as pseudoknot interactions. The technique was further improved by the development of
high-throughput SHAPE, whereby the radioactive primers are replaced with fluorescently
labelled primers and then analysed by capillary electrophoresis [317]. This approach allows
longer sequences to be investigated, as sample reads are not limited to the size of a gel, and
96 samples to be consecutively investigated, increasing the efficiency of data analysis.

RNA structural models can also be produced using in silico thermodynamic prediction tools,
such as mfold, which can predict RNA secondary structure based on minimum free energy of
folding. Whilst such models can provide some insight, they may not include additional folding
conformations associated with higher order interactions or biological conditions. In order to
produce more accurate models of RNA secondary structure, SHAPE reactivity data can be
combined with in silico algorithms, such as restrained sample (Rsample). Rsample is
incorporated into the “RNAstructure” software package, in which thermodynamic models can
be constrained using reactivity values obtained from SHAPE reactions. The algorithm analyses
the agreement between experimentally acquired data and the thermodynamic prediction,
producing a more accurate representation of the secondary structure. In addition, Rsample
considers that multiple copies of the same RNA can fold into different conformation, which
may be important in a biological context [318]. This approach has been shown to be highly
accurate, as the predicted secondary structure for 16S rRNA was shown to have 97% similarity
with the base pairs visualised in the crystal structure of the 30S ribosomal subunit [319]. The
combination of SHAPE data and prediction algorithms also correctly predicted the secondary
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structure of RNAs ranging from 34-530 nts, some of which included pseudoknots, with >90%
accuracy [320] and was shown to have >90% accuracy in predicting base pairing within
difficult-to-model RNAs, where the structure had previously been solved [321].

The remaining 10% discrepancy between previously established structures and SHAPE-
derived structures may be attributed to several properties of the SHAPE method. SHAPE
reactivity reflects the structural conformation in solution at the time of probing, meaning that
if an RNA is partially misfolded or adopts multiple conformations, then this will be reflected
in the reactivity data [321]. In addition, nucleotides within base paired regions may be NMIA
reactive in some RNA molecules, for example nucleotides within the closing pairs of helices
and adjacent nucleotides are more prone to acetylation. Nucleotides within base paired
regions can also be constrained in a conformation in which the 2’-hydroxyl group is accessible
for NMIA binding [322]. Despite this, the combination of SHAPE reactivities and structure
prediction algorithms is a highly powerful and relatively high-throughput technique for the
determination of RNA structure, especially when data is combined from several biological
repeats.

This chapter describes the optimisation of a ZIKV infectious clone system, a DNA system which
allows manipulation of the ZIKV genetic sequence and recovery of ZIKV mutant viruses. Since
this system was novel to the research group at the beginning of this project, a significant
amount of optimisation was required. Using RNA derived from this system, SHAPE mapping
was performed to investigate RNA structures within the 5’ region of the ZIKV genome,
encompassing the 5" UTR and the adjacent capsid coding region, which were unknown when
the project began. Prior to SHAPE analysis, multiple primers were investigated for efficacy.
SHAPE analysis was performed to determine the RNA structure and genome conformation,
either linear or circular, of full-length ZIKV genome RNA using in vitro SHAPE, at both 28 °C
and 37 °C. In addition, to investigate genome cyclisation, the RNA structure of ZIKV 1-754,
which lacks cyclisation sequences, at both 28 °C and 37 °C was determined and compared
with SHAPE data for full-length RNA.

During the course of this project, two publications reported RNA structural data for ZIKV. Liu
et al. reported in vitro SHAPE reactivity for the 5 UTR and adjacent capsid coding region of
ZIKV [225] and Li et al. reported in cell SHAPE reactivity for the entire ZIKV genome [212].
These publications provide a useful point of comparison with the data presented in this thesis.
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Figure 4.2 SHAPE reaction process

A) RNA is heated to 95 °C and then incubated at either 28 °C or 37 °C to allow formation of
RNA structures. B) RNA is treated with NMIA, which binds to non-base-paired nucleotides,
forming abducts. C) Fluorescent primer binds to RNA. D) Primer extension and reverse
transcription. Extension is blocked by abducts. E) Sequencing ladder is generated from primer
extension and reverse transcription of in vitro transcribed RNA. F) Fluorescent cDNA pool
(corresponding to the position of modified nucleotides) and sequencing ladder are combined
and sequenced by capillary. Sequence files are analysed in silico.
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Figure 4.3 SHAPE data analysis workflow

Step 1: Data from NMIA treated (+) and control DMSO (-) reactions and a FASTA file containing
the RNA sequence file are uploaded to QuSHAPE and the region of interest is selected. Step 2:
Preprocessing operations remove high-frequency noise and baseline offset. Signal decay
correction converts the fluorescence signal intensities to probabilities of primer termination.
Step 3: The use of different fluorescent labels (FAM and HEX) and the use of different
capillaries result in different retention times. The mobility shift correction operations align
pairs of signals within each capillary and capillary alignment aligns the signals across two
capillaries. Step 4: The base calling operation classifies all of the peaks in the sequencing signal
from the DMSO (-) capillary as either specific peaks produced by ddATP and non-specific peaks
corresponding to the other three bases. The signal from the DMSO signal (FAM) is then aligned
with the RNA sequence signal (HEX). The peak linking operation then links the (-) sequencing
data to the corresponding peaks in the (+) and (-) signals. Step 5: Reactivity estimation is
determined uses Gaussian integration, where the area for each peak is correlated with the
primer termination probability for the corresponding nucleotide in the RNA sequence. The
scaling operation determines the magnitude of the scaling parameter, which determines the
spread of the distribution and establishes units of measurement. Normalisation computes the
probability of adduct formation at each nucleotide (Padd). Pada is then normalized, such that
the average intensity for highly reactive nucleotides is 1.0 and where zero indicates no
reactivity. Data was then capped, such that reactivates of >5 were given a score of 5 and
nucleotides which had no data were given a score -0.1. Step 6: RNA structural models are
generated using the “RNAstructure” prediction algorithm, where the prediction is constrained
by the SHAPE reactivity values. This process creates dot-bracket files, which represent the
predicted RNA secondary structure. Step 7: Dot brackets files are used to create RNA structure
maps using VARNA and the SHAPE reactivity values are overlaid on the maps for visualisation
of SHAPE reactivity.
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4.2 Optimisation of ZIKV DNA system

In order to study the replication of ZIKV in cell culture, an infectious cDNA ZIKV clone
designated pCCI-SP6-ZIKV was utilised. pCCI-SP6-ZIKV is based on a consensus sequence of 5
ZIKV isolates from the Brazilian lineage and was kindly provided by Professor Andres Mertis
(University of Tartu, Estonia). The cDNA infectious clone system allows the use of reverse
genetic approaches to investigate the phenotypic effects of point mutations, which affect
both the structure and/or sequence of the RNA stem loops and tertiary interactions.

pCCI-SP6-ZIKV is a low copy number plasmid and exhibits toxicity in E. coli, resulting in a high
potential for DNA recombination. Purification of pCCI-SP6-ZIKV therefore requires
modifications to standard E. coli-based DNA purification methods. Initial attempts to
transform pCCI-SP6-ZIKV, using high efficiency 5-alpha F’ Iq competent E. coli (NEB) on LB
agar, failed to recover colonies. Growth of pCCI-SP6-ZIKV transformed colonies was
supported on tryptic soy agar and transformation efficiency was improved through the use of
high efficiency turbo competent E. coli cells (NEB). DNA was successfully purified from turbo
competent cells using a GenelET Plasmid Maxiprep kit (Thermo fisher) however, agarose gel
electrophoresis confirmed that that the DNA quality was poor.

In consultation with Prof. Merits, further modifications to the DNA purification protocol were
made. In order to activate the second origin of replication within the plasmid, DNA was
transformed into EPI 300 cells and incubated with 0.1% arabinose. Cells were then lysed and
lysate was filtered through a gauze, before DNA was precipitated with isopropanol. Pellets
were then processed using a GenelET Plasmid Miniprep kit (Thermo fisher) to purify the DNA.
This resulted in greatly improved DNA integrity and purity.

For generation of ZIKV IC RNA, initially, DNA was linearised using Notl-HF and the linear DNA
was used as a template for in vitro transcription. However, this approach proved unreliable
due to the inherent instability of the plasmid. To solve this problem, the ZIKV IC plasmid was
used as the template for a PCR reaction. PCR reactions were carried out using a high-fidelity
polymerase, amplifying the entire ZIKV IC genome and resulting in high quality templates.
Full-length PCR DNA was first purified using a Wizard SV Gel and PCR Clean-Up System
(Promega) however, yields of purified DNA were very low. To solve this issue, PCR DNA was
purified the using ethanol precipitation, which resulted in improved DNA vyield.

4.3 Optimisation of ZIKV SHAPE primers

Primers were designed to bind two regions within the ZIKV RNA sequence, allowing SHAPE
reactions to resolve the extreme 5’ end and an upstream region of the ZIKV genome. SHAPE
primers 575, 583 and 590 were designed to bind within the middle of the capsid coding
region, resulting in a 247-262 bp extension product. Primer 802 binds at the 3’ end of the
Capsid coding sequence, producing an extension product of 474 bp. Primers 824 and 826
binds to the 5’ end of the prM coding sequence, producing an extension product of 496-498
bp. Test primers were end labelled using an ATP [y-32P] marker for visualisation.
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In vitro extension reactions were performed (Fig. 4.4), using ZIKV 1-754 as a template, in order
to determine which of the primers investigated produced the best extension products for use
in SHAPE reactions. Products were analysed using urea-acrylamide gel electrophoresis and
visualised using photo-stimulated luminescence. Primers 590, 583 and 575 all produced
products of a similar size. Compared with primers 575 and 583, primer 590 produced higher
levels of ZIKV RNA and was therefore selected for use in SHAPE experiments. Primers 802 and
824 produced truncated transcripts compared with primer 826, therefore primer 826 was
taken forward for use in SHAPE experiments.

- " S A
— e
583 575 826 824 802

Figure 4.4 ZIKV RNA in vitro extension reactions

300 ng of ZIKV 1-772 RNA was incubated with y-32P labelled primers and visualised using
denaturing Urea gels. Labelled primers were run alongside extension reactions. Primer 590
and 826 were selected for use in SHAPE experiments as these primers resulted in extension
reactions with the longest extension products and highest yield of RNA. Binding sites for
primer 590 (primer binding site 1) and 826 (primer binding site 2) are shown in figure 4.5.

4.4 In vitro SHAPE mapping of ZIKV

RNA structures within the 5’ region of the ZIKV genome, were characterised using in vitro
SHAPE mapping, based on the reactivity of individual RNA nucleotides to the chemical reagent
NMIA and structure prediction algorithms. SHAPE reactions were performed on both full-
length RNA template, representing the full genomic RNA, and shorter RNA molecules
encompassing only the 5" UTR and adjacent coding region, and therefore lack the 3’
hybridisation sequences required for genome cyclisation. The intention behind this was to
investigate if the circular genome conformation is favoured by full length genomic RNA
molecules in an RNA folding buffer, in the absence of potential trans activating factors (such
as the NS5). Additionally, SHAPE reactions were performed at both 28 °C and 37 °C, reflecting
mosquito and mammalian body temperature respectively. Any differences which may occur
in RNA structures at the two temperatures may reflect host-specific adaptations.
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Figure 4.5 Schematic of 5’ 772 nt and full-length ZIKV transcripts used for in vitro SHAPE
experiments

A) The full length ZIKV genome transcript, containing the complementary 3’ cyclisation
sequences. B) (i) 1 % agarose gel of full-length ZIKV DNA PCR product (1 Kb plus ladder, Thermo
Fisher Scientific). (ii) 1 % MOPS gel of full-length ZIKV RNA in vitro transcription product
(Millenium™ RNA Marker, Thermo Fisher Scientific). C) The 5’ 772 nt fragment transcript
contains the first 772 nts of the ZIKV genome and therefore is unable to hybridise with
complementary 3’ cyclisation sequences to form the circular genome conformation. D) (i) 2 %
agarose gel of 5' 772 nt fragment DNA PCR product (1 Kb plus ladder, Thermo Fisher Scientific).
(i) 2 % MOPS gel of 5’ 772 nt fragment RNA in vitro transcription product (Millenium™ RNA
Marker, Thermo Fisher Scientific).

SHAPE reactions were performed using an RNA folding buffer (330 mM HEPES (pH 8.0),
20 mM MgCl; and 330 mM NaCl) published by Weeks et al., which the Tuplin group have
previous used to perform SHAPE reactions using CHIKV RNA [2,316]. Weeks et al. report that
NMIA reactivity is dependent on pH and recommend using the folding buffer at pH 8.0
however, acknowledge that in practice a pH range of between 7.5 and pH 8.0 works well
[316]. Optimisation experiments performed by the Tuplin group prior to the start of this
project tested a pH range of pH 6.8 to pH 8.0 (a broad range to account for different cell types
and intracellular compartments), with no difference in experimental outcome observed
(unpublished data). Therefore to maintain consistency with the published literature [2,316],
the experiments in this thesis were preformed using the RNA folding buffer at pH 8.0.

SHAPE fragment analysis was carried out by capillary electrophoresis and data analysis was
performed using QUSHAPE. Reactivity values were then used to constrain thermodynamic
prediction algorithms using “RNAstructure”, generating structural models of the RNA regions.
Reactivity values represent a composite of data combined from the two primers used. Data
obtained using primer 590 was used for the upstream nucleotides and primer 826 data was
used for the downstream region, with a short region of data overlap around nucleotide 160.
SHAPE reactivity values were overlaid onto RNA structure models for visualisation, using the
VARNA visualisation applet for secondary structure.
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Figure 4.6 Full models of the ZIKV 5’ UTR and adjacent coding region

A) 28 °CZIKV RNA 1-772. B) 28 °C full-length RNA. C) 37 °C ZIKV RNA 1-772. D) 37 °C full-length
RNA. Models are generally consistent between conditions, with full-length, 37 °C models
showing variation base pair formation at the base of SLD. Despite this variation, the top region
of SLD remains consistent with the other models. E) Published in cellulo SHAPE map of ZIKV
(Adapted from Li et al. [212]). F) Published in vitro SHAPE map of ZIKV (Adapted from Liu et al.

[225]).
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At the extreme 5’ end of the genome, the first 1-4 nucleotides of the genome are non-base-
paired (or predicted to be non-based-paired in the absence of data) in all conditions tested
(Fig 4.7). The unpaired nucleotides are immediately followed by stem loop A (SLA), which
has high structural conservation with other mosquito-borne flaviviruses such as Dengue
virus and West Nile virus [152]. Stem loop A (SLA) forms at the 5’ end of the ZIKV RNA and is
described as having a Y-shape, consisting of a primary stem loop with a short side stem.
Overlaid SHAPE reactivity values for SLA showed a high level of agreement with the
“RNAstructure” generated structural model, suggesting that the SHAPE reactivity for this
region is highly accurate, with only minor differences between the conditions tested. In the
37 °C full length reactions, SLA is comprised of 66 nucleotides, from nucleotide 5-69. High
NMIA reactivity was observed at the apical top loop of SLA, indicating that the top loop may
have a more open confirmation compared with the structural predictions. This may be
important for interactions with mammalian specific proteins or for the formation of higher
order interactions with other regions of the genome. Li et al. suggest possible long range
interactions between SLA and an upstream region of the ZIKV genome at 37 °C [212]. In the
37 °C fragment and 28 °C full length “RNAstructure” generated models, SLA consists of
nucleotides 3-71 and is 70 nucleotides long. Due to a lack of data for the extreme terminal
nucleotides (i.e. nucleotides 1-3 for the ZIKV genome), it is possible that the modelling for
this region is not accurate. For the 37 °C fragment reactions, nucleotides at the base region
of SLA were highly reactive, indicating that there may be some flexibility in this region. In
the 28 °C fragment “RNAstructure” generated model, SLA consists of nucleotides 4-70.

In all “RNAstructure” generated models, the SLA side stem comprised of 10 nucleotides, from
nucleotide 45-54. In both the 28 °C and 37 °C full length reactions, the non-base-paired
nucleotides at the side stem terminus were highly reactive. The same nucleotides were less
reactive in the 37 °C fragment reactions and mostly unreactive in the 28 °C fragment
reactions. This could indicate higher order interactions taking place in the 28 °C fragment
reactions.

97



28 °C
(i) % (ii)@f' %
1 SLA ;3: SLA
o -
e
WSS
Qw«,q
L CHP
ig 73
o0- )):@ WE
):((F o—e
3 —
&&: ;o DO @@“m&&
[W{F UFS

Full-length

37°C (i)

¢ %
g SLA

Laa A 2

region

W)
1-772 Full-length

98



Figure 4.7 RNA structural models for the 5’ region of ZIKV, extreme 5’ end region

A) 28 °C (i) ZIKV 1-772 and (ii) full-length RNA. B) 37 °C (i) ZIKV 1-772 and (ii) full-length RNA.
The 5’ -UAR-flanking stem (UFS) is shown at the base of SLB, with the exception of the 37 °C
fragment model where the U rich region is shown. The UFS region in the full-length 28 °C
model is shortened compared with the other models.

The next RNA structure is stem loop B (SLB), within which the 5’ upstream of AUG region (5
UAR) is located. The 5’ UAR has been demonstrated to hybridise with the complementary 3’
UAR to form long range interactions during genome cyclisation. In addition, the base of SLB
contains a Uracil rich region which has been designated the 5' -UAR-flanking stem (UFS).
Disruption of the UFS by mutagenesis results in reduced viral titre and the UFS has been
proposed to play a role in the switch between linear and circular genome conformations
[225]. In the 37 °C full length, 28 °C full length and 28 °C fragment “RNAstructure” generated
models, SLB consists of a short base, consistent with the UFS region described by Liu et al
[225] followed by an open region of non-base paired nucleotides and then a stem with a
highly reactive apical loop. SHAPE data overlays are highly consistent with “RNAstructure”
generated models for each of these conditions, meaning that there is high confidence in the
structural models. In cell SHAPE of whole cells lysates performed by Li et al shows the U rich
region as non-base-paired and therefore shows SLB as reduced in length compared to these
models, lacking the UFS region and having weaker reactivity at the apical loop [212]. This may
reflect differences between in vitro and in cell methods of SHAPE however, since Liu observed
differences in phenotype between WT and UFS mutants, this region is likely to play a role in
replication. Since Li et al. performed SHAPE using whole cell lysates, it is also possible that the
RNA adopts a separate, UFS containing, conformation in the context of viral replication
bodies, compared with the rest of the cell. SHAPE analysis of RNA contained within replication
bodies would be needed to confirm this. The “RNAstructure” generated model for 37 °C
fragment displayed some significant differences from the other in vitro models. The uracil rich
region showed high levels of reactivity, resulting in a lack of UFS formation. In addition, the
open region is reduced in size and the apical loop showed only very weak or no reactivity and
is therefore more similar to the results seen using in cell SHAPE.

The conserved RNA structure cHP was present in all “RNAstructure” generated models as a
25-nucleotide structure, comprised of nucleotides 125-149 (Fig 4.8). High NMIA reactivity at
the base of the structure in all SHAPE data overlays suggest that these nucleotides may not
form part of the structure, resulting in a slightly shorter stem. Li et al. and Liu et al. report that
cHP consists of 20 nucleotides, supporting the concept that these highly reactive nucleotides
do not form part of cHP [212,225]. Adjacent to cHP, is a 9-nucleotide sequence termed the 5’
cyclisation sequence (5’ CS), which hybridises with a complementary 3’ CS during genome
cyclisation. The high NMIA reactivity of nucleotides within this sequence indicate that the 5’
CS is non-base-paired, therefore suggesting that the ZIKV genome RNA favours the linear
conformation in the absence of cellular factors. In both the 28 °C and 37 °C 1-772
“RNAstructure” generated models, a small loop is present formed by nucleotides 155-164.
Since nucleotides within this region have high reactivity, this region likely to be single
stranded, as shown in both of the full-length SHAPE maps.
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Figure 4.8 RNA structural models for the 5’ region of ZIKV, cHP region

A) 28 °C (i) ZIKV 1-772 and (ii) full-length RNA. B) 37 °C (i) ZIKV 1-772 and (ii) full-length RNA.
Nucleotides comprising the 5’ CS are denoted by the blue line. A small loop is present in both
of the 1-772 models however, the high reactivity of these nucleotides suggest that this loop
may not form.

Previously published SHAPE data for the region downstream of the 5’ CS (nucleotides 160-
230) present conflicting structural models. Liu et al. present the region as having two short
stems, with a predicted pseudoknot interaction between the apical loop of the first stem and
a downstream region of complementary nucleotides. In contrast, Li et al. [212] show this
region as one single structure with no pseudoknot interactions. This difference means that
the downstream nucleotides, which are predicted to form part of the pseudoknot interaction,
are instead incorporated into the base of the elongated stem loop.

In both the 28 °C and 37 °C full length “RNAstructure” generated models, there are two stem
loops, the first of which has identical base pairing to the first stem loop shown by Liu et al.,
however, the second of the stem loops is elongated in comparison. In the current study, for
both 28 °C and 37 °C fragment “RNAstructure” generated models, a single structure is
predicted, which is consistent with the data shown by Li et al. (Fig 4.9). Whilst the RNA
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structure generated model for 1-772 at 28 °C is consistent with overlaid SHAPE data, in the
37 °C RNA structure generated model for 1-772, SHAPE data overlay shows high levels of
NMIA reactivity within the structure, indicating that the long RNA structure predicted to be
formed by nucleotides 168-207 may not be accurate.

For the next RNA structure, 37 °C fragment, 37 °C and 28 °C full length “RNAstructure”
generated models show a long RNA structure formed by nucleotides 210-253 with a highly
NMIA reactive apical loop, designated here as stem loop D (SLD) (Fig 4.9). The structure and
length of SLD is highly consistent with the results shown by both Li et al. and Liu et al. For the
37 °C full length “RNAstructure” generated model, base pairing in this region shows
variability, as nucleotides within the base of the SLD stem are paired with nucleotides 368-
375. This causes a significant change in local folding architecture; whereby downstream RNA
structures form as part of a side stem of SLD. Despite these differences, the top region
(nucleotides 217-243) of SLD remains highly consistent with the other models and with the
published literature, indicating that the top region may be the most stable and conserved
region of SLD.
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Figure 4.9 RNA structural models for the 5’ region of ZIKV, SLD region

A) 28 °C (i) ZIKV 1-772 and (ii) full-length RNA. B) 37 °C (i) ZIKV 1-772 and (ii) full-length RNA.
Nucleotides predicted to form pseudoknot interactions by Lui et al. are indicated by circles. In
the ZIKV 1-772 models, a single RNA structure is formed, with the nucleotides involved in the
pseudoknot interaction forming the base of the stem region.

The next adjacent downstream region consists of a large RNA structure with a basal stem
(broadly nucleotides 259-268 based paired with nucleotides 330-344), a high NMIA reactivity
region which has a largely open circle structure and a top stem region, which is designated
here as stem loop E (SLE) (nucleotides 293-322) (Fig 4.10). In the 37 °C full-length and
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fragment “RNAstructure” generated models, the nucleotides immediately upstream of SLE
have a mostly open structure with a short hairpin. SHAPE reactivity values shows high
reactivity in this region, indicating that the predicted short hairpin (nucleotides 278-289) in
this region may not form, suggesting that region immediately upstream of SLE may be
completely non-base-paired as reported by Li et al. [212]. In both the 28 °C fragment and full-
length “RNAstructure” generated models, “RNAstructure” models predicted base pairing
between nucleotides 273-275 and 324-326 however, the overlay of SHAPE reactivity values
onto this region indicate that these nucleotides may be non-base-paired and therefore have
a conformation similar to that seen in the 37 °C models. SLE is present in “RNAstructure”
models for all conditions and was highly consistent with the SHAPE data when overlaid. The
structure consists of a 30-35 nucleotide stem with a highly reactive apical loop, in the region
of nucleotide 291-325. SHAPE data overlay from reactions carried out at 37 °C show greater
reactivity in the stem region of this structure, indicating that the stem may have higher
flexibility at this temperature.
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Figure 4.10 RNA structural models for the 5’ region of ZIKV, SLE region

A) 28 °C (i) ZIKV 1-772 and (ii) full-length RNA. B) 37 °C (i) ZIKV 1-772 and (ii) full-length RNA.
RNA models for 28 °C show a more complex structure for nucleotides 270-290, compared with
the more open structural arrangement of the 37 °C models. This may reflect different
structural requirement between mammalian and mosquito hosts.
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At the 3’ end of the investigated sequence, a long RNA structure is present in the 28 °C 1-772
and full length and the 37 °C 1-772 “RNAstructure” generated models (Fig. 4.11). For the 28
°C full length model, SHAPE reactivity overlay is consistent with the “RNAstructure” model.
For 1-772 at 28-°C, the overall reactivity is lower however, overlay SHAPE data is still relatively
consistent with the model. For 37 °C 1-772, the nucleotides at the apical region of the RNA
structure have a high level of reactivity, indicating that the apical region may have a more
open structure than predicted by the model. “RNAstructure” generated models for 1-772 at
28 °C and 37 °C, and the full-length model for 28 °C, are in contrast to the model reported by
Li et al. [212], in which this region consist of a short hairpin with an open loop of non-base
paired nucleotides and an upstream short hairpin. The model reported by Li et al. has more
similarity to the 37 °C full length model, which also contains a short hair pin with an open
region, although the structure forms at an upstream position relative to the Li et al. model. In
the 37 °C model, a second RNA structure is present in this region, consisting of a long duplex
and an open apical top loop, which is present at the same position and has the same structure
as reported by Li et al. As this region was close to the binding site of the second SHAPE primer,
a number of nucleotides within this region have did not SHAPE reactivity data, therefore
models produced of this region are likely to be less accurate than for the other regions
investigated using SHAPE mapping.
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Figure 4.11 RNA structural models for the 5’ region of ZIKV, 3' region of target sequence

A) 28 °C (i) ZIKV 1-772 and (ii) full-length RNA. B) 37 °C (i) ZIKV 1-772 and (ii) full-length RNA.
A large single RNA stem is present in all models excluding the 37 °C full length model, which
contains two open regions. Since some data is missing for this region (shown in black) due to
the binding site for the SHAPE primer, models for this region may not be accurate.
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4.5 Discussion

SHAPE mapping of the ZIKV 5’ UTR and adjacent coding region revealed the presence of
several RNA structures. The first 3 structures are well documented and common to the insect
transmitted flaviviruses [152,311]. The first notable structure is SLA and the structure of this
RRE is highly conserved across the different temperatures explored and between full length
and truncated RNAs. Whilst the presence of SLA is seemingly ubiquitous amongst flaviviruses,
the structural conformation of SLA differs between flaviviruses transmitted by different hosts.
For example, the insect-specific Aedes flavivirus has a shortened side stem and in tick-borne
encephalitis virus SLA, the position the primary and side stem are reversed, such that the
slightly elongated side-stem is found at the 5’ side of the structure [152]. Such differences are
likely to play important roles in the host specific interactions of these viruses.

The structure of SLB was also highly consistent across the conditions tested. Since SLB
contains the 5’ UAR sequence (which hybridises with complementary sequences in the 3’) the
presence of a folded SLB indicates that the RNA is in a linear genome conformation. The ability
of the flavivirus genomes to form both linear and circular genome conformations is essential
for the flavivirus replication cycle. It is likely that both genome conformations are present at
different stages of the virus lifecycle and that the total RNA in an infected cell is a mix of both
genome conformations, perhaps in addition to lower levels of other genome conformations
which are yet to be identified. It has previously been proposed that the circular genome
conformation is thermodynamically favoured in the absence of trans activating proteins
[323]. SLB was present in all ZIKV models generated, indicating that the RNA used in the in
vitro SHAPE experiments predominantly forms the linear genome conformation. Since the
linear conformation was seen at in both 28 °C and 37 °C, the switch between genome
conformations is unlikely to be dependent on temperature. Since the in vitro SHAPE
experiments lacked potential trans activating factors, such as the non-structural proteins, this
may indicate that these factors could be required for formation of the circular genome
conformation. Since the circular genome conformation is required for replication, this
genome conformation may only become predominant in the presence of viral replication
machinery, and be dependent on the action of trans activating factors, such as cellular or viral
proteins. For example, DENV NS3 has been shown to bind to the 3’ SLin the 3’ UTR [324] and
NS5 binds to SLA in the 5 UTR [325], which may influence the folding conformation of the
RNA.

The third conserved RRE, cHP, was also highly consistent between conditions. Since cHP has
been shown to be essential for flavivirus replication and start codon selection, there is likely
a high selection pressure for the cHP structure to be maintained at different temperatures
and in closely related viruses. In addition to known RREs, SHAPE analysis revealed several
uncharacterised RNA structures. In the region upstream of cHP (immediately upstream of
nucleotide 160), SHAPE mapping results indicate either a single RNA structure (in 1-772
models) or a pair of shorter stem loops (full-length RNA models). In these models, nucleotides
168-173 and 201-207 either form the base of a larger RNA structure (1-772 model) or may
potentially form a pseudoknot interaction in the full-length models, as these nucleotides have
either no NMIA reactivity or low NMIA reactivity, indicating base pairing. Base pairing
interactions formed by these nucleotides, either as the base of a stem or as a pseudoknot
interaction, may play a role in virus replication.
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Adjacent to this region, a large stem loop is present in all models, with an open loop around
nucleotide 230. Whilst the 37 °C model displays differences in this stem loop compared to
other models, the region formed of nucleotides 220-240 shows identical structure in all
models, indicating that this structure may play a role in the virus lifecycle. Nucleotides 220-
240 have been designated here as SLD. In the next upstream region, around nucleotide 260,
a complex RNA structure is present, containing a base paired stem region, an open loop region
and a second stem region (around nucleotides 290-325) with a non-base paired apical top
loop. This second RNA stem loop is highly consistent in structure and NMIA reactivity, which
may indicate that the structure plays a role in virus replication. Nucleotides 290-325 have
been designated here as SLE. At the 3’ end of the region of interest, long RNA structures are
present in all models however, the NMIA reactivity for this region is inconsistent and data is
also lacking for a significant number of nucleotides, meaning that the structural models for
this region are likely inaccurate.

Although in vitro SHAPE mapping is a powerful technique for determining RNA structures, the
technique has several limitations. The RNA used for structural analysis was generated by in
vitro transcription, which was then folded at the relevant temperature. This process likely
results in the formation of multiple conformational forms, some of which may not be
representative of in cell RNA conformations. This concern can be addressed by performing in
cell SHAPE, where the viral RNA is treated with SHAPE reagents in cellular environment and
then purified for further analysis. The RNA models for ZIKV presented in this thesis, obtained
using in vitro SHAPE, are highly comparable to the RNA models published by Li et al., where
in cell SHAPE was performed [212]. The consistency between the in vitro and in cell models
indicates that the ZIKV RNA models shown in this thesis are accurate and can therefore be
used as a basis for mutagenesis and antisense LNA oligonucleotide design.

In addition, the process of in vitro transcription generates a large number of truncation
products, which are included in the total RNA that is analysed. This again may result in non-
native RNA conformations, which can influence the average reactivity value of nucleotides,
as in the experimental data all conformations are sampled simultaneously. This issue is
particularly relevant when examining full length genomic RNA, which contains a large number
of truncated RNA products, due to the length of the RNA. One technique which can eliminate
this limitation is the use of in gel SHAPE, in which, prior to SHAPE analysis, the mixed RNA
populations are separated by native agarose gel electrophoresis. This approach has been used
to separate and analyse monomeric and dimeric species of HIV-1 packaging signal RNA [326],
despite the technical challenges associated with the use of native agarose gels. An additional
factor to consider when using the in vitro SHAPE methodology is that the NMIA reactivity of
individual nucleotides may be variable due to RNA breathing in solution and that flexible RNA
regions, which have the potential to adopt several conformations, may be variable in NMIA
reactivity. These issues may be partially addressed by utilising averaged data from multiple
experimental repeats in RNA structural models, as inconsistencies between repeats will be
minimised when the data is averaged.
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Chapter 5 Reverse genetic analysis of novel ZIKV RNA-RNA
interactions

5.1 Introduction

The ZIKV outbreak in 2015-2016 highlighted the importance of ZIKV as a human pathogen. To
date, there are no licenced antiviral agents or vaccines available against ZIKV. Flavivirus RNA
structures are known to be critical for efficient virus replication and therefore represent
potential targets for novel antiviral agents or attenuated virus vaccine development. Having
previously demonstrated that it is possible to target RNA structures in CHIKV, leading to
inhibition virus replication (see chapter 3), the next aim was to apply the same hypothesis to
ZIKV.

In order to impair ZIKV replication by targeting RREs, functional structures with the ZIKV
genome needed to be identified. The structural conformation of the ZIKV 5 UTR and adjacent
coding region was determined using the biochemical SHAPE mapping, which generated a
model of RNA structures at single nucleotide resolution (see chapter 4). However, such
models do not provide information about the functional role of RNA structures with ZIKV
replication. RNA models derived from SHAPE mapping have previously been used as a guide
for the design of mutations which disrupt base pairing within RNA structures, allowing the
functional role of a given structure within virus replication to be determined. For example,
disruption of the CHIKV RRE SL165 by mutagenesis impaired replication in both infectious
virus and sub-genomic replicon systems, indicating that the RNA structure plays a role in viral
genome replication [2].

The ZIKV 5" UTR and adjacent coding region RNA structural model contains several RNA
elements which are highly conserved amongst flaviviruses, namely SLA, SLB and cHP. Since
these RNA elements are structurally comparable to those found within other flaviviruses
[327], it is likely that SLA, SLB and cHP carry out analogous functions in ZIKV (described in
section 1.3.5.1). In addition to the conserved structures, SHAPE mapping identified several
novel RNA elements including SLD, SLE and a pseudoknot interaction. In order to determine
if these novel interactions play a functional role in the ZIKV lifecycle, a ZIKV infectious clone
system was utilised. Using the ZIKV infectious clone system, it is possible to introduce specific
mutations which disrupt structural features, whilst maintaining the WT amino acid sequence.
By recovering these mutant viruses and comparing their replication to WT ZIKV, it is possible
to determine if the disrupted RNA structure plays a functional role in ZIKV replication. Using
this approach, the function of SLD, SLE and the pseudoknot interaction in ZIKV replication was
investigated.

In order to complement the findings of the reverse genetic analysis of the ZIKV RNA structures
and to validate the potential of such structures to act as targets for antiviral agents (as
demonstrated for CHIKV in chapter 3), antisense oligonucleotides were designed based on
ZIKV RNA structural models presented in chapter 4, with the aim of disrupting base pairing
interactions within the RREs. If ZIKV replication is inhibited by agents targeting cis acting RNA
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elements (shown by reverse genetics to be required for efficient ZIKV replication) this would
further confirm the importance of those RNA elements in the ZIKV lifecycle. For example,
targeting of a cis-replicating element (CRE) in HCV (which had previously been shown using
mutagenesis to have a functional role in HCV replication [328]) using LNA oligonucleotides
further validated the importance of this RNA element for HCV RNA replication [294].

RNA structures within flavivirus genomes have previously been targeted using antisense
phosphorothioate oligonucleotides. In phosphorothioate oligonucleotides, one of the non-
bridging oxygen atoms is replaced with a sulphur atom, increasing the nuclease resistance of
the oligonucleotide however, this also reduces target binding affinity. In order to address the
reduction in binding affinity, the authors used modified phosphorothioate oligonucleotides
(MPO), in which the C-5 atoms of uridines and cytidines were replaced by propynyl groups
(which contain a triple carbon bond, e.g. CH3-C=C-R) to improve binding affinity. An MPO
designed to target nucleotides 99-113 in DENV-2 was shown using fluorescence microscopy
to impair infectious DENV replication. The nucleotides targeted by the MPO correspond to
the position of ZIKV SLB, indicating that this region may be available for binding during
replication. In addition, an MPO targeting the 3’ region of the genome also impaired
replication. The authors suggested that the modified phosphorothioate oligonucleotides
function through the action of RNase H, thereby degrading the DENV genomic RNA [329].

In addition, RNA structures have been targeted in WNV using phosphorodiamidate
morpholino oligomers (PMOs) [330]. PMOs are uncharged, nucleic acid-like molecules which
contain a methylenemorpholine backbone (replacing ribose or deoxyribose rings), linked by
non-ionic phosphorodiamidate groups and containing standard DNA bases. Compared with
DNA oligonucleotides, PMOs have increased nuclease resistance and do not induce RNase H
activity [331,332]. In order to improve cell delivery, an arginine rich peptide was covalently
conjugated to the 5’ end of the PMOs, as arginine rich peptides have been shown to promote
cellular uptake [333,334]. PMOs were designed to target the extreme 5 end of the WNV
genome, the AUG-1 and AUG-2 start codon and the 5’ CS. PMOs targeting the 5 genome end
and AUG-1 caused reduction in WNV titre at 48 hours post infection. In addition, a PMO
targeting the 3’ CS and 3’ SL impaired infectious WNV replication. Using a reporter construct,
consisting a Renilla luciferase reporter fused in frame with the N-terminal 31 amino acids of
the C protein and flanked by the 5" and 3’ UTRs, the 5’ end and AUG-1 PMO were shown to
reduce luciferase expression at 5 hours post infection. The authors concluded that the PMOs
function by inhibiting translation of the viral genome, through steric hinderance [330].

In this chapter, reverse genetics approaches are used to determine if RNA elements identified
using SHAPE mapping in chapter 4 have a functional role in the ZIKV lifecycle, using a ZIKV
infectious clone system. The ZIKV SHAPE map is further validated, by using the SHAPE map as
a basis for the design of antisense oligonucleotides which bind and impair RNA elements with
the 5 UTR and adjacent coding region. Oligonucleotides were screened using a nano-
luciferase expressing ZIKV in order to determine the effect of oligonucleotide transfection on
ZIKV replication in an infectious virus system and using a nano-luciferase expressing sub-
genomic replicon to determine the effect oligonucleotide transfection on ZIKV genome
replication.
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5.2 ZIKV mutagenesis base pair changes

In order to investigate the novel RNA secondary structures and the pseudoknot interaction
identified in SHAPE analysis, mutagenesis was performed on these structures, with the aim
destabilising the RNA-RNA interactions requires for RNA structure/ pseudoknot formation
(Fig. 5.1). All mutations introduced were designed to maintain the correct amino acid
sequence and have the potential to be compensated with further substitutions, in order to
restore base pairing with an alternative sequence. Mutant sequences were purchased
(Genewiz) and overlap extension PCR was used to make the purchase sequence compatible
for ligation into the ZIKV IC DNA construct (appendix Fig. 4).

To investigate the potential pseudoknot interactions, four substitutions were introduced,
which were predicted to prevent pseudoknot formation. Two mutations were introduced into
the upstream pseudoknot region (A170U, C173G) and a further two mutations were introduced
into the downstream pseudoknot region (G203A, G206C). For individual RNA structures,
mutations were introduced into SLD (U230C, G233C, C236G, C239A, C248G, G251C, GasaA, Uzs7C).
U230C changes the nucleotide sequence the top loop of SLD, with the aim of disrupting
sequence specific interactions between the top loop of SLD and other regions of the genome/
viral or cellular proteins. The remaining SLD mutations were designed to disrupt base pairing
within the stem region, to prevent the duplex stem from forming. Mutations were also
introduced into SLE (U299G, C302A, C305A, U308C, A309C, A311C, U317A, A320C). U3osC and AsgqC alter
the nucleotide sequence of the top loop, whilst the remaining mutations were designed to
disrupt base pairing with the stem region. In order to predict the effect of each set of
mutations, mutant sequences were modelled using the mfold web server. The Mfold
predictions indicated that the mutations were sufficient to disrupt the target RNA structures.
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Figure 5.1 RNA structural models with mutation positions

A) Model of the RNA structures within the 5 UTR and adjacent coding region of ZIKV.
Nucleotides involved in the formation of the pseudoknot interaction are indicated by black
circles. The model presented here is based on SHAPE reactivity for full-length ZIKV RNA at 37
°C B) Model of ZIKV 5’ UTR and adjacent coding region showing the location of mutant
residues. Pseudoknot mutation are indicated in black, SLD mutations are indicated by red
circles, SLE mutations are indicated in blue. For SLD and SLE, mutations were designed to
disrupt RNA base pairing and pseudoknot mutations were deign to disrupt the pseudoknot
interaction, whilst maintaining the WT amino acid sequence.

5.3 Analysis of ZIKV mutations

5.3.1 The effect of ZIKV SLE mutations on ZIKV replication

The ZIKV RNA structure SLE has not previously been characterised, therefore in order to
investigate the potential functions of SLE, several mutations were introduced with the aim of
destabilising SLE formation (M-SLE). To investigate the effects of SLE mutations on ZIKV
growth, WT and M-SLE ZIKV was recovered from C6/36 cells. Cells were transfected with 2.5
ug of either WT or M-SLE ZIKV IC RNA and cell supernatants were collected at 5-, 7- and 9-
days post transfection, after which ZIKV titre was determined by plaque assay on Vero cells
(Fig. 5.2). Due to the growth rate of ZIKV in cell culture, 5 days post infection is the first time
point at which useable amounts of infectious ZIKV can be collected. ZIKV titre for both WT
and M-SLE transfected wells was highly comparable, indicating that for both conditions ZIKV
was replicating at a similar rate.
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Figure 5.2 Recovery of WT and M-SLE ZIKV

C6/36 cells were transfected with 2.5 ug WT or M-SLE infectious RNA. Virus was collected at
5-, 7- and 9-days post transfection and virus titre was determined by plaque assay. M-SLE had
no noticeable effect on ZIKV titre. Data from a single repeat (n=1).
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C6/36 derived WT and M-SLE ZIKV was next used to infect Huh7 cells (MOI 2) and collected
virus supernatant at 24, 48 and 72 hours post infection, in addition to lysing the cells for
analysis of protein expression (Fig 5.3). Cells infected with WT ZIKV produced less virus
compared with M-SLE by 24 hours post infection, however by 48 and 72 hours post infection.
the difference between WT and M-SLE became negligible. Western blot analysis showed no
difference (n = 1) in expression of both ns3 and ns5 proteins when comparing WT and M-SLE.
In addition, infection of C6/36 cells with WT and M-SLE ZIKV (MOI 1) generated in Huh7 cells
showed a small difference in virus titre, but in the context of the overall data this was deemed
not significant (appendix Fig. 5).
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Figure 5.3 Infection of Huh7 cells with WT and M-SLE ZIKV

Huh7 cells were infected with WT and M-SLE ZIKV (MOI 2) (derived from C6/36 cells).
Supernatants were harvested at 24, 48 and 72 hours and cells were lysed in IP lysis buffer.
Virus titre was determined by plaque assay (A) and levels of ns3 (B) and ns5 (C) expression
were examined by western blot. Primary antibodies as follows: anti-nsp5 (1:1000, rabbit
polyclonal, in-house) or anti-nsp3 (1:1000, rabbit polyclonal, in-house) and secondary
antibody (IRDye® 680LT Donkey anti-Rabbit; Li-Cor). (n = 1).
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In order to further investigate the effects of M-SLE, Vero cells were transfected with 1 pg of
either WT or M-SLE ZIKV IC RNA and virus was collected 5 days post transfection (Fig 5.4A).
WT and M-SLE transfected wells produced highly similar virus titres, indicating that the virus
replication rate was similar. Due to the high mutation rate of RNA viruses, it was hypothesised
that the M-SLE ZIKV may contain reversion mutations which restore the WT SLE phenotype
during the long incubation period needed to produce useable amounts of virus. In order to
gain a more direct measure of ZIKV replication, an infectious centre assay was performed by
electroporating Huh 7 cells and incubating the electroporated cells on a Vero cell monolayer
(Fig 5.4B). Virus produced in the Huh 7 cells infects the Vero monolayer, resulting in the
formation of plaques which can be fixed and visualized. This approach allows the replication
rate of WT and M-SLE to be measured directly from the input RNA, without the need for the
5-day incubation period to generate virus stocks and the subsequent passage in cell culture
to obtain the experimental result, therefore limiting the potential for reversion mutations to
occur. The infectious centre assay shows highly similar levels of replication between WT and
M-SLE, indicating that the mutations had no effect on ZIKV replication, suggesting that the
lack of different phenotype relative to WT was not due to reversion mutations.
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Figure 5.4 Analysis of ZIKV WT and M-SLE in mammalian cells

A) Vero cells were transfected with WT or M-SLE 1 ug. ZIKV was collected 5 days post
transfection and virus titre was determined by plaque assay. B) ZIKV WT and M-SLE Infectious
centre assay. Huh 7 cells were electroporated with 1 ug WT or M-SLE RNA and serially diluted
from 10 to 10°° in DMEM. Dilutions were added to Vero cell monolayers and incubated for 5
days. Cells were fixed at 5 days and ZIKV titre was determined (n = 1).

To confirm M-SLE sequence, total RNA was extracted from WT and M-SLE transfected C6/36
cell supernatant, 9 days post transfection (Fig 5.5). Sanger sequencing confirmed that the M-
SLE mutations were maintained, confirming that no reversion mutations had occurred within
progeny ZIKV genomes within the capsid and prM coding sequences, although it is possible
that mutations may have occurred in other regions of the genome.
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TTCACGGCAATCAAGCCATCACTGGGTCTCATCAATAGATGGGGTTCAGTTGGGAAAAAAGAGGC

WT Extracted TTCACGGCAATCAAGCCATCACTGGGTCTCATCAATAGATGGGGTTCAGTTGGGAAAAAAGAGGC
M-SLE extracted TTCACGGCAATCAAGCCATCACTGGGGKC T{AJA A ACCIE[CIT 6 GG GAIT ClCI6 TTGGGAAAAAAGAGGC
WT control TTCACGGCAATCAAGCCATCACTGGGTCTCATCAATAGATGGGGTTCAGTTGGGAAAAAAGAGGC

Figure 5.5 2 step PCR reactions for RNA recovered from WT or M-SLE ZIKV

Step 1 (A) and step 2 (B). RNA extracted from ZIKV infected (+ve) and uninfected (-ve) cells
was reverse transcribed and used as a template for 2-step PCR. ZIKV IC DNA was included as
a positive control and the water used to set up the reactions was included as a negative
control. (C) Sequencing data for WT ZIKV and M-SLE ZIKV extracted RNA. (n = 1).

5.3.2 Effects of ZIKV Pseudoknot and SLD mutations on ZIKV replication

Both the pseudoknot interaction and SLD RNA elements have not previously been
characterised. To investigate the potential roles of these elements in ZIKV replication,
mutations were introduced to disrupt the RNA interactions. The ZIKV pseudoknot region was
identified by sequence analysis during the SHAPE analysis discussed in chapter 4. Based on
the full-length RNA structure models, which are the most biologically relevant, the
pseudoknot mutations prevent the predicted interaction between the two pseudoknot
regions (ZIKV M-PK). The RNA structure SLD has not previously been characterised, so
mutations were designed to disrupt both the top loop lop and stem region of the RNA
structure, in order to determine if the SLD functions during replication (ZIKV M-SLD).

Prior to analysis of ZIKV mutations, virus stocks were generated by transfection of 2.5 ug WT,
M-PK or M-SLD ZIKV IC RNA into Vero cells (Fig 5.6). Cell supernatant was harvested at 5 days
post infection and virus titre was determined by plaque assay on Vero cells. Compared with
WT transfected cells, SLD RNA transfected cells produced around 30% fewer virus particles,
whereas M-PK RNA transfected cells showed a greater reduction in virus titre, reducing viral
titre by ~1 log compared with wild type transfected cells (P < 0.005). This indicates that the
M-PK mutations impair ZIKV replication, suggesting that the pseudoknot region plays a role
in the virus lifecycle.
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Since the generation of ZIKV stocks relies upon transfection of infectious RNA, variations in
transfection efficiency and RNA quality may produce variation in the viral titre. In order to
further validate the results seen in the virus generation experiment, Vero cells were infected
with either WT or mutant virus at an equal MOI of 0.005 (due to the low titre of the M-PK
virus stocks, this was the highest MOl achievable in a 24 well plate). Since all cells are infected
with the same MOI of ZIKV, this experiment examines how WT ZIKV replication compares with
M-PK and M-SLD ZIKV when cells are infected with the same number of infectious virus
particles.
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Figure 5.6 Analysis of ZIKV M-PK and M-SLD mutants

A) Generation of ZIKV WT and mutant stocks. Vero cells were transfected with RNA generated
by in vitro transcription and incubated for 5 days. Virus titre was determined by plaque assay
on Vero cells. Transfection of Vero cells with M-PK mutant RNA resulted in production of
significantly less ZIKV, compared with both WT and the M-SLD mutant. Vero cells were
infected with WT, M-PK or M-SLD ZIKV (MOl = 0.005) and supernatant was harvested at 24 B)
and 48 C) hours post infection. At 24 hours post infection, M-PK ZIKV was undetectable by
plaque assay. D) Total RNA for WT and mutant ZIKV was extracted at 24 and 48 hours post
infection. RNA was reverse transcribed and the region of interest was amplified using a two-
step PCR reaction. ** = P < 0.005 (Two-tailed T-test vs scrambled LNA) (n = 3). Error bars
represent standard error of the mean.
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After the equal MOI infection, cell supernatant was harvested at 24 and 48 hours post
infection and virus titre was determined by plaque assay. Viral titre from cells infected with
M-SLD ZIKV had similarly levels to WT at both 24 and 48 hours post infection, indicating that
the M-SLD mutations do not impair ZIKV replication and that the SLD does not function during
the virus lifecycle in Vero cells. In contrast, the M-PK ZIKV mutations had a profound effect
on ZIKV replication. At 24 hours post infection, no virus was detected in the viral supernatant,
indicating that the virus was either not replicating or only replicating at very low levels. By 48
hours post infection, M-PK ZIKV was detectable by plaque assay at a low titre. Compared with
WT ZIKV, the M-PK ZIKV showed a 97% reduction in viral titre (P < 0.005), indicating that the
M-PK ZIKV maintained the ~1 log difference in viral titre seen in the virus generation
experiment. This finding indicates that the pseudoknot region of the ZIKV genome plays a
critical role in the virus lifecycle. The M-PK mutations also altered plague morphology (Fig.
5.7), resulting in formation of small, pinpoint size plaques (~0.5 mm) compared with the
medium size plaques (~2 mm) seen for the other ZIKV mutant and the WT ZIKV.

WT ZIKV

Pseudoknot
mutant
ZIKV

Figure 5.7 Difference in plaque sizes of WT and M-PK ZIKV

ZIKV plaque assays were performed in 12-well plates, with a 0.8% Methylcellulose (in DMEM)
overlay and incubated for 5 days. ZIKV M-PK produced smaller, pinpoint sized, plaques
compared with WT ZIKV. Reduction in plaque size is an indication of viral fitness and indicates
that ZIKV M-PK is unable to efficiently lyse the Vero cell monolayer.

In order to investigate the possibility of reversion mutations within the ZIKV sequence, viral
total RNA was extracted from the infected cells and analysed using Sanger sequencing. Both
the M-PK and M-SLD sequence contained the introduced mutations, indicating that reversion
had not taken place within the capsid and prM coding sequences at 24 and 48 hours post
infection. Though again, it is possible that mutations had occurred in other regions of the
genome.
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5.4 ZIKV Antisense oligonucleotides

5.4.1 Initial antisense LNA oligonucleotides targeting ZIKV RREs

In order to further validate the RNA map produced in chapter 4 and to investigate the
potential of ZIKV RREs to act as antiviral targets, a panel of antisense LNA oligonucleotides
were designed to bind RNA elements in the ZIKV genome. Compared with DNA
oligonucleotides, LNA oligonucleotides have improved binding specificity, nuclease resistance
and do not induce RNase H activation. LNA oligonucleotides are deigned to bind to target
sequences, thereby preventing RNA-RNA or RNA protein interactions required for efficient
ZIKV replication. Since antisense oligonucleotides were designed based on the RNA model
acquired by SHAPE mapping, the antiviral activity of antisense LNA oligonucleotides validates
the RNA model.

The panel of LNA oligonucleotides described in following section is designated as ZIKV LNA
panel 1 (ZLP1) (appendix Fig. 6). LNA-29 to targets the top loop and side stem of ZIKV SLA.
Since SLA has been shown to play an important role in flavivirus replication [207], it was
reasoned that SLA would represent a good target for antiviral agents and would provide a
proof of principle for the use of antisense oligonucleotides against ZIKV RREs. Similarly, LNA-
142 was designed to bind the region of the genome containing the 5’ CS element, in order to
block genome cyclisation. Additional LNA oligonucleotides were designed to target novel RNA
interactions. Both LNA-158 and LNA-191 were designed to target the pseudoknot region. LNA-
213 was designed to bind SLD, with the aim of blocking the top loop and out-competing base
pairing within the stem region.

In order to determine if any ZLP1 LNA oligonucleotides were able to impair ZIKV replication,
a Nano-luciferase expressing ZIKV was employed to improve efficiency. In this system ZIKV
replication was quantified using luciferase expression, allowing ZIKV replication levels to be
determined on the same day, compared with the 5 days required to obtain results using
plague assays. In the ZIKV N-luc IC construct, a nano-luciferase reporter is fused with a
truncated form of the capsid protein. The truncated capsid was included to maintain the RNA
structures within this region, which may be required for ZIKV replication. A foot and mouth
disease virus (FMDV) 2A sequence was included upstream of the nano-luciferase sequence.
The FMDV 2A sequence is commonly used to mediate co-translational protein cleavage [335].
Downstream of the FMDV 2A sequence a codon optimised full length ZIKV sequence is
present, including a codon optimised full length ZIKV C gene to allow production of infectious
virus particles (Fig. 5.8).
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Figure 5.8 Genome schematics of ZIKV and N-luc ZIKV

A) WT ZIKV genome and B) Nano-luciferase (N-luc) ZIKV genome. In the N-luc genome, the
capsid protein is truncated (C-Tr) and fused with the N-luc gene. The capsid sequence is
included downstream of N-luc in order to maintain RNA structures found within this region,
which may be required for RNA replication. Inclusion of the FMDV 2A sequence mediates self-
cleavage (at the C-terminus of the FMDV 2A sequence), releasing the N-luc protein and
allowing expression of the viral polyprotein. A codon optimized capsid (C-CO) is expressed after
FMDV 2A, in order to maintain the viral polyprotein.

The ZIKV N-luc constructs therefore contains two copies of the capsid gene, a truncated
capsid sequence found downstream of the 5’ UTR, and a codon optimised capsid gene found
after the FMDV 2A sequence. Mutations within the truncated capsid coding sequence can be
introduced whilst maintaining the WT amino acid sequence using alternative codons
however, changes in codon use may result in defects in replication due to codon usage bias.
However, since ZIKV particles in this system are formed using the codon optimised capsid
protein, codon changes in the truncated capsid protein should not affect ZIKV replication.
Since nano-luciferase expression is dependent on replication of the ZIKV genome, levels of
nano-luciferasein cell supernatant and in lysed cells can be used as a measure of ZIKV genome
replication.

ZLP1 LNA oligonucleotides were transfected into ZIKV N-luc infected Vero cells (MOI 0.1) and
luciferase expression was determined at 24 and 48 hours post infection. Compared with
transfection of a scrambled LNA, transfection of the ZLP1 LNA oligonucleotides did not result
in significant differences in luciferase expression, indicating that ZLP1 LNA oligonucleotides
are not able to inhibit ZIKV replication (appendix Fig. 7-9).

5.4.2 Design of antisense oligonucleotides targeting ZIKV RREs

Since ZLP1 LNA oligonucleotides were not successful at inhibiting ZIKV replication, in order to
identify potential binding sites for antisense oligonucleotides, an expanded number of target
sequences were investigated. Due to the complex nature of RNA molecules, many sites within
the 5" UTR and adjacent coding region may be in accessible for binding to cis acting agents.
By designing a larger panel of antisense oligonucleotides, the number of available
oligonucleotide binding sequences is expanded, therefore there is a higher likelihood of
identifying accessible target sequences. The wider screen was performed using non-LNA
modified DNA oligonucleotides.
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As the target RNA sequences have highly folded complex structures, LNA oligonucleotides
designed to target such regions can be susceptible to secondary structure formation and
hybridisation issues, due to the improved binding properties of the LNA nucleotides. Since
LNA oligonucleotides are locked in an ideal conformation for Watson-Crick base pairing,
interactions between complimentary sequences in LNA oligonucleotides may bind with very
high affinity, therefore preventing the LNA oligonucleotide from binding the target sequence.
DNA oligonucleotides are less susceptible to these issues and are also significantly cheaper
than LNA oligonucleotides, allowing a greater number of oligonucleotides to be tested,
therefore maximising the number of potential target sequences screened. The screening
pipeline of DNA oligonucleotides was therefore used to identify which RREs within the ZIKV
genome are available for targeting.

This wider screen was performed using a ZIKV Nano-luciferase expressing sub-genomic
replicon, as the during the CHIKV LNA experiments, the sub-genomic replicon proved to have
a higher sensitivity to antisense oligonucleotides, likely as a result of the replicon DNA and
oligonucleotide being premixed prior to transfection. The higher sensitively of the replicon
system may negate the reduced half-life and RNA binding Tm properties of DNA
oligonucleotides. The RNA target for each DNA oligonucleotide used in the screen is shown in
table 5 and figure 5.9. “Connector oligos” are designed to bind two spatially separated region
of the ZIKV RNA and consist of 5 and 3’ antisense regions interspaced by a scrambled
sequence.

Table 5 DNA oligonucleotide targets

ZIKV Oligonucleotide Oligonucleotide target
Group 1 DNA | ZIKV Oligo-15 SLA Top loop
oligonucleotides | ZIKV Oligo-25 Alternative SLA Top loop
ZIKV Oligo-44 SLA side stem
ZIKV Oligo-56 SLA base and UFS
ZIKV Oligo-80 SLB stem
ZIKV Oligo-91 SLB top loop
ZIKV Oligo-96 SLB top loop and UFS
ZIKV Oligo-123 cHP
ZIKV Oligo-147 5'CS
Group 2 DNA | ZIKV Oligo-163 Pseudoknot 5’ region
oligonucleotides | ZIKV Oligo-204 Pseudoknot 3’ region and SLD base
ZIKV Oligo-229 SLD top loop
ZIKV Oligo-236 SLD stem
ZIKV Oligo-242 Alternative SLD stem
Group 3 DNA | ZIKV connector Oligo 1 | Connecting SLA top loop and SLA side stem
oligonucleotides | ZIKV connector Oligo 2 | Connecting SLA side stem and SLB top loop
ZIKV connector Oligo 3 | Connecting SLB top loop and cHP
ZIKV connector Oligo 4 | Connecting pseudoknot and SLD
ZIKV connector Oligo 5 | Alternative Connecting pseudoknot and SLD
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Figure 5.9 Binding positions for antisense oligonucleotides targeting RNA elements within
the ZIKV 5 ' UTR and adjacent coding region

Antisense oligonucleotides were designed to bind and block the function of key RNA elements
required for ZIKV replication, therefore impairing ZIKV replication. In order to determine which
sites within the ZIKV RNA were available for binding, a wide range target sequences were
investigated.

5.4.3 Antisense DNA oligonucleotides inhibit ZIKV Nano-luc genome replication

In order to investigate the potential of ZIKV DNA oligonucleotides to impair ZIKV replication,
the DNA oligonucleotides were co-transfected with ZIKV nano-luc replicon and luciferase
levels in the cell supernatant was determined at 6, 24 and 48 hours post infection (Fig 5.10,
appendix Fig. 10 and 11). In the same experiment, cells were also lysed at 48 hours post
infection and luciferase expression was measured. Relative luciferase levels in cell lysate was
highly consistent with the luciferase levels in the cell supernatant. DNA oligonucleotides were
analysed in three groups. Group 1 oligonucleotides were designed to target RREs which have
been previously characterised, such as SLA. Group 2 oligonucleotides were designed to target
novel RNA structures which were identified using SHAPE mapping. Group 3 oligonucleotides
contain 5 and 3’ complimentary regions which bind to different RRE regions, linked by a
scrambled sequence. For example, the 5’ end of ZIKV connector Oligo 1 binds to the SLA side
stem and the 3’ end of the oligonucleotide binds to the top loop of SLA. By targeting multiple
sites within the genome, Group 3 oligonucleotides are therefore designed to impair multiple
RRE interactions simultaneously.

For the group 1 DNA oligonucleotides, co-transfection of oligonucleotides -15, -25, -56 and -
96 led to inhibition of ZIKV genome replication. ZIKV oligo-15 caused the greatest reduction
in replication, reducing luciferase expression by around 70% at 6 (P <0.005) and 24 (P <0.001)
hours post infection and by 80% at 48 hours (P <0.05). ZIKV oligo-25 was also highly effective,
reducing luciferase expression by 60% at 6 hours (P <0.05), 65% at 24 hours (P £0.001) and
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75% at 48 hours (P < 0.05). Transfection of oligo-96 produced the next largest effect, resulting
in a 50% reduction in luciferase expression at 6 (P < 0.05) and 24 (P < 0.005) hours and a 70%
reduction at 48 hours (P < 0.05). Transfection of oligo-56 resulted in a modest effect on
replication, causing a 20% reduction at 6 hours, at 30% reduction at 24 hours (P <0.05) and a
45% reduction at 48 hours.

For DNA oligonucleotide group 2, ZIKV oligo-204 produced the greatest effect on genome
replication, especially at later time points. Oligo-204 co-transfection resulted in a 35%
reduction in luciferase expression at 6 hours, a 60% reduction at 24 hours (P < 0.05) and a
70% reduction at 48 hours (P < 0.005).
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Figure 5.10 ZIKV DNA oligonucleotide screen

DNA oligonucleotides were co-transfected with ZIKV Nano-luc replicon and 100 nM DNA
oligonucleotides. Nano-luciferase expression was determined at 24 (i) and 48 (ii) hours post
transfection. A) DNA oligonucleotides 15-147 (Group 1 oligonucleotides). B) DNA
oligonucleotides 163-242 (Group 2 oligonucleotides). Data for 6 hours and lysed cells is shown
in appendix figure 10 (Group 1) and 11 (Group 2). * =P <0.05 ** = P <0.005 *** = P <0.001
(Two-tailed T-test vs scrambled LNA) (n = 3). Error bars represent standard error of the mean.

Group 3 ZIKV connector oligonucleotides did not significantly inhibit the ZIKV N-luc replicon.

Since these oligos consisted of only short binding regions, the oligos may not have had
sufficient binding affinity to bind to both targets (appendix figure 12 and 13).
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5.4.4 Second antisense ZIKV LNA panel

Since a number of antisense DNA oligonucleotides were able to inhibit the ZIKV N-luc replicon,
a second set of antisense ZIKV LNAs oligonucleotides (ZLP2) was designed, based on the DNA
oligonucleotide sequences (Fig 5.11). Due to issues with self-hybridisation and secondary
structure formation within the LNA oligonucleotide (as predicted by Qiagen oligo optimiser),
some ZLP2 LNA oligonucleotides were shortened by several bases relative the DNA
oligonucleotide counterpart. Like the DNA oligonucleotide counterparts, LNA-15 and -25
target SLA, LNA-56 targets the UFS and base of SLA, LNA-96 targets the UFS and LNA-204
targets the Pseudoknot region and base of SLD.

LNA-15—

— { ) a, :

—LNA-56

LNA-204

= Na96

Figure 5.11 Binding sites for ZLP2 oligonucleotides
ZLP2 LNA oligonucleotides were designed based on DNA oligonucleotides, which had been
shown to impair ZIKV genome replication.

To assess the effect of ZLP2 LNA oligonucleotides on ZIKV replication, the ZLP2 panel was
transfected into ZIKV N-luc IC infected Vero cells (MOI 0.1) and luciferase expression was
determined at 24 and 48 hours post infection (Fig 5.12). At 24 hours post infection, ZLP2 LNA
oligonucleotides showed a moderate and non-significant reduction in luciferase expression
compared with scrambled LNA transfected and mock transfected cells. At 48 hours post
infection, LNAs -15, -25, -96 and -204 significantly inhibited ZIKV replication compared with
mock transfected and scrambled-LNA transfected cells (P < 0.05). Cells were also lysed at 48
hours post transfection and luciferase expression was determined. Transfection of LNAs -25,
-96 and -204 resulted in significant inhibition of ZIKV replication, reducing luciferase
expression by 35-40% compared with cells transfected with scrambled-LNA. These results
indicate that LNAs -25, -96 and -204 are able to successfully disrupt their intended RNA-RNA
interactions within the ZIKV genome.
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Figure 5.12 Transfection of ZLP2 oligonucleotides into ZIKV infected cells

Vero cells were infected with Nano-luc ZIKV (MOI = 0.1) and incubated for 3 hours, before
transfection with 3 uM LNA oligonucleotides. Luciferase expression in cell supernatant was
determined at 24 (A) and 48 (B) hours post infection and in lysed monolayers at 48 hours post
infection (C). Transfection of LNA-25, -96 and -204 resulted in significant inhibition of
luciferase expression at 48 hours post infection, indicating that ZIKV replication has been
impaired. * = P < 0.05 (Two-tailed T-test vs scrambled LNA) (n = 3). Error bars represent
standard error of the mean.

5.4.5 ZIKV second LNA panel replicon assay

In order to further investigate ZLP2 oligonucleotides, the oligonucleotides were co-
transfected with a ZIKV sub-genomic replicon, which expresses nano-luciferase in the same
manner as the ZIKV N-luc IC construct, but lacks the full length ZIKV structural proteins and
therefore is not capable of forming infectious virus particles. The LNA concentration used for
this experiment was determined based on the CHIKV LNA replicon experiments (Fig 3.11),
where 100 nM was the highest concentration used which did not adversely affect transfection
efficiency. LNA oligonucleotides were pre-mixed with ZIKV sub-genomic replicon prior to
transfection in order to maximise the potential for binding. Similar to the experiments
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conducted using the nano-luciferase expressing infectious ZIKV, the LNA oligonucleotides had
no significant effect on replication at 6 and 24 hours post transfection (appendix Fig 14). By
48 hours post transfection, LNA-25 transfection resulted in a 55% reduction in luciferase
expression (P < 0.05), indicating inhibition of ZIKV genome replication (Fig 5.13). By contrast,
the remining ZLP2 oligonucleotides had no significant effect on ZIKV genome replication.
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Figure 5.13 The effect of ZLP2 LNA transfection on ZIKV genome replication

ZIKV nano-luc replicon RNA was co-transfected with 100nM ZLP2 LNA oligonucleotides and
luciferase expression was measured at 48 hours post infection (A) and in the lysed monolayer
at 48 hours post infection (B). Co-transfection of LNA-25 resulted in inhibition of ZIKV genome
replication. Data for 6 and 24 hours post infection is presented in appendix figure 14. * =P <
0.05, ** = P<0.005 (Two-tailed T-test vs scrambled LNA) (n = 3). Error bars represent standard
error of the mean.

5.5 Discussion

RREs play essential roles in the lifecycles of many RNA viruses and represent a potential route
towards virus specific antiviral therapies. In chapter 3 of this thesis, RNA structures within the
5’ region of CHIKV were specifically targeted using antisense LNA oligonucleotides, resulting
in inhibition of CHIKV genome replication. Having demonstrated the effectiveness of this
approach using CHIKV, the viability this approach in flaviviruses, using ZIKV as a model
flavivirus was investigated. Since at the beginning of this project, no RNA structural
information for ZIKV had been published, a model of RNA structures within the ZIKV 5" UTR
and adjacent capsid coding region was produced using SHAPE mapping.

The target region has previously been shown in other flaviviruses to contain key RREs which
are essential for viral replication. For example, this region contains SLA, which is required for
RNA synthesis [207] and sequences which are required for genome cyclisation, such as the 5’
UAR [211]. It was therefore hypothesised that these RREs were likely to also be present in the
ZIKV genome and that this region may also contain novel RREs which are required for ZIKV
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replication. SHAPE mapping confirmed the presence of the conserved RNA structures and in
addition, several novel RNA structures and a pseudoknot interaction were identified. The RNA
model of the pseudoknot region differed between the full-length and fragment models. Since
the full-length model include the full ZIKV RNA sequence, this model was considered to be
more biologically relevant. Mutations were then introduced into the ZIKV coding sequence,
maintaining the amino acid code whilst disrupting RNA folding, in order to determine if these
novel RNA elements play a role in the ZIKV lifecycle. For the pseudoknot region, mutations
either disrupt base pairing between the pseudoknot regions (full-length model) or disrupts
base pairing in a stem region at the base of an RNA structure (fragment model).

Mutations within the pseudoknot region resulted in a reduction in ZIKV titre, indicating that
this region plays a role in the ZIKV lifecycle. M-PK ZIKV was undetectable by plaque assay at
24 hours post infection and had a titre one log lower than WT ZIKV at 48 hours post infection.
In addition, transfection of ZIKV M-PK RNA in Vero cells resulted in recovery of much less ZIKV
compared with WT ZIKV. In addition, M-PK ZIKV produced alterations in plaqgue morphology,
resulting in pinpoint sized plaques. Whilst variation in plaque morphology is present in WT
ZIKV, pinpoint sized plaques only occurred in minority populations (around 10%), likely due
to the inherent variation of RNA viruses due to the error rate if the viral polymerase NS5. By
contrast, M-PK ZIKV formed pinpoint sized plaques exclusively, indicating that replication
defects may be present. The size of virus plaques is associated with cytopathic effects, such
as apoptosis and lysis, upon infection of the cell monolayer and is a common proxy
measurement of viral fitness. Small plague phenotype may arise as a result of slow virus
replication rate or as a consequence of the virus being unable to evade antiviral responses
[336]. Since ZIKV mutants were assessed in Vero cells, which are deficient in IFN production
[337,338], impaired immune evasion of IFN-stimulated genes is unlikely to explain the
pseudoknot mutation phenotype. Therefore, it is more likely that the pseudoknot mutant
plague phenotype is due to inefficient replication, leading to slow plaque growth. In addition,
during live attenuated vaccine development, strains with plaque size is a selection criterion
for further clinical development. Since reduced plaque size indicates less viral fitness, mutants
with a small plaque size phenotype are more suitable vaccine candidates [339].

RNA pseudoknots have known functions in other RNA viruses, for example the non-coding
region of HCV contains a conserved pseudoknot that is essential for the initiation of
translation [340]. The ZIKV pseudoknot is found around 60 bp into the capsid proteins coding
region, therefore may play a role in regulating RNA replication (or translation) by stalling the
NS5 polymerase (or ribosome) at an early position on the ZIKV genome. The impact of the
ZIKV pseudoknot mutations on translation could be assessed using a polymerase knockout
system, whereby the ZIKV N-luc replicon is not capable of undergoing replication. By
comparing WT polymerase knockout and M-PK polymerase knockout nano-luciferase signal,
the effect of the ZIKV pseudoknot mutations on translation can be determined. The
pseudoknot interaction may act as a molecule switch (similar to the UFS region) in order to
regulate alternative genome conformations. Alternatively, the pseudoknot region may act as
binding site for cellular or viral proteins. This hypothesis could be assessed using pull down
experiments, comparing the ability of WT and M-PK ZIKV RNA to bind with proteins within
ZIKV infected cell lysates. In addition, the pseudoknot interaction could be re-introduced
using an alternative coding sequence, therefore investigating if the pseudoknot region
functions in a sequence specific or structure specific manner. The data presented here acts a
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basis for further exploration of this region, in order to more fully understand the mechanism
by which the pseudoknot may function in the ZIKV lifecycle.

Mutations with SL293 did not produce any measurable phenotype in the infectious virus
system. The presence of the inserted mutations at 9 days post transfection indicates that the
virus was under no selection pressure to mutate these base pairs. Similarly, the M-SLD
mutations were not sufficient to disrupt ZIKV replication, and maintained the inserted
mutation after a total of 5 days post transfection, plus a single 48-hour passage. One
explanation for the lack of phenotype is that the mutations introduced are not sufficient to
disrupt the formation of the RNA structure, despite Mfold predictions of the region indicating
that the mutations are sufficient to prevent RNA structure formation. It is also possible that
reversion mutations occurred elsewhere in the genome, for example if the stem loops
functions by forming long range interactions with another part of the genome (which was not
included in the target PCR sequence), then reversions mutations may have occurred in the
upstream region. It is also possible that M-SLD and SL293 do not have a function in the cell
lines tested and that the mutations may show an effect on replication in other cells lines, for
example in cells derived from the brain or placental tissue. M-SLD and SL293 may also simply
have no function in the virus replication cycle and the presence of the RNA structure may be
merely a non-functional consequence of the nucleic acid sequence being optimised for capsid
protein expression.

Based on the reverse genetic analysis and published literature, the potential for RREs within
ZIKV to be specifically targeted was investigated. Despite benefitting from LNA
oligonucleotide design insights gained when designing the CHIKV LNA panel, the original ZIKV
LNA oligonucleotide panel (ZLP1) failed to produce any oligonucleotides capable of inhibiting
ZIKV replication. One explanation for these results could be that the RREs are inaccessible in
the ZIKV replication complex, therefore the ZLP1 oligonucleotides cannot bind to the target
RRE. In addition, although ZLP1 oligonucleotides were designed to minimise self-hybridisation
and secondary structure formation, the ZLP1 oligonucleotides may be unable to bind target
sequences due to self-interactions. In order to investigate a greater number of potential
antisense oligonucleotide binding sites, a ZIKV sub-genomic replicon system was utilised. The
ZIKV N-luc sub-genomic replicon contains the ZIKV non-structural proteins, which act to
replicate the viral genomic RNA and therefore acts as a model of viral genome replication.

Despite concerns over the half-life of DNA oligonucleotides in cell culture, several antisense
DNA oligonucleotides proved to be effective at impairing ZIKV genome replication. DNA
oligonucleotide experiments indicate that the top loop region of SLA is available for binding,
since both oligo-15 and -25 were able to inhibit ZIKV genome replication. Since SLA has been
well characterised as an important factor in flavivirus RNA replication, disruption of the SLA
top loop will likely have consequences for the function of this RRE. Since the viral polymerase
is known to bind SLA, it is possible that these oligonucleotides act by preventing NS5 binding
and activation to SLA, therefore preventing RNA replication for initiating. ZIKV oligo-44, which
was designed to target the SLA side stem, did not impair ZIKV genome replication, indicating
that the SLA side stem is not accessible for binding. Given that the SLA side stem is a small,
tight hairpin, it may be possible that the oligonucleotide is unable to disrupt this structure.
Additionally, cellular or virus proteins may be bound to the side stem, which may prevent the
oligonucleotide from accessing the target sequence.
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ZIKV oligo-96 was also able to successfully inhibit ZIKV genome replication, indicating that the
SLB top loop and upstream UFS region are available for binding. ZIKV oligo-56, which targets
the downstream region of the UFS was also shown to impair ZIKV genome replication, lending
support to the hypothesis that the UFS region is an important factor in RNA replication. The
UFS region has been proposed to act as a switch between circular and linear genome
conformations [225]. By disrupting the UFS region, oligos-56 and -96 may prevent the switch
between the two genome conformations, therefore preventing RNA synthesis from initiating.
In addition, since oligo-96 overlaps AUG-1, it may impair RNA replication by preventing
initiation of translation. Of the ZIKV oligos targeting novel RNA structures identified by SHAPE
mapping, ZIKV oligo-204 was effective at impairing ZIKV genome replicon. Mutagenesis of the
pseudoknot region impaired ZIKV replication, indicating that the regions plays a role in the
virus lifecycle. By binding to the downstream pseudoknot sequence, oligo-204 may prevent
the pseudoknot interaction from occurring, thereby impairing ZIKV genome replication. Since
oligo-204 also binds to the base of SLD, it is also possible that oligo-204 functions by
preventing formation of SLD, thereby preventing interactions between SLD and cellular/ viral
proteins or other regions of the viral genome. ZIKV oligo-163, which binds the upstream
pseudoknot region, had no effect on ZIKV genome replication. It is possible that the
pseudoknot interaction itself could prevent binding of oligo-163.

RNase H hydrolyses RNA in DNA-RNA hybrids [285]. Since DNA oligonucleotide binding to ZIKV
RNA targets results in DNA-RNA hybrids, it is possible that the inhibition seen in this
experiment is due to RNase H activity, rather than steric hindrance. Wu et al. showed that
antisense oligonucleotides showed greater potency in cells where RNase H1 was
overexpressed. In addition, use of siRNAs to silence RNase H1 expression resulted in a
reduction in antisense oligonucleotide potency [285]. Similar experiments could be used to
determine if the ZIKV DNA oligonucleotides are dependent on RNase H activity. Regardless of
the mode of action, the DNA oligonucleotide screening pipeline identified several target
sequences which are available for binding within the ZIKV RNA replication complex.

Based on the results of the oligonucleotide experiments, successful oligonucleotide
sequences were used as a basis for the design of antisense ZIKV LNA oligonucleotides. LNAs -
25, -96 and -204 were effective at inhibiting ZIKV replication, indicating that SLA top loop; SLB
top loop/UFS and the upstream pseudoknot region are all available for targeting within the
infectious ZIKV lifecycle and that the LNA oligonucleotides are able to access the ZIKV RNA
within the genomic RNA replication complex. This demonstrates the viability of targeting RNA
structures within the ZIKV genome, providing a basis for the further development of antiviral
agents targeting ZIKV RREs.

LNAs -15 and -56 functioned differently to their DNA oligonucleotide counterparts. Since the
regions targeted by these LNA oligonucleotides are highly structured, designing functional
antisense oligonucleotides proved to be technically challenging. The inclusion of LNA
nucleotides into an oligonucleotide sequence was designed to improve the hybridisation
efficiency and specificity of the oligonucleotides however, this also has the consequence of
increasing the likelihood of both secondary structure formation and self-hybridisation.
Formation of secondary structures within the LNA oligonucleotide will decrease the capacity
of the LNA oligonucleotide to bind to the intended target, as the secondary structure will need
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to unfold in order for the full oligonucleotide to interact with the target sequence. Similarly,
LNA oligonucleotides may self-hybridise, causing similar issues. If secondary structure
formation or self-hybridisation of the LNA oligonucleotides is more thermodynamically
favourable than binding to the target sequence, this would prevent the LNA oligonucleotide
from functioning as an antiviral agent. During the design phase, LNA oligonucleotides were
designed to prevent both self-hybridisation and secondary structure formation using the
Qiagen oligo optimiser software however, as a result of the high levels of secondary structure
within the target sequences, the ZIKV LNA oligonucleotides were at the limit of the acceptable
parameter scores. Therefore, is it possible that LNA-15 and -56 are unable to bind the
intended target sequence due to self-hybridisation and secondary structure formation.

In order to investigate the effect of ZLP2 oligonucleotides on ZIKV sub-genomic replicon, LNA
oligonucleotides were co-transfected with ZIKV RNA. The replicon contains the ZIKV
replication proteins NS1-5 which form the RNA replication complex, allowing the replicon to
function as a model of ZIKV genome replication. ZIKV LNA-25 effectively impaired ZIKV
genome replication, indicating that LNA-25 is able to access the ZIKV RNA within the RNA
replication complex. The LNA-25 target structure, SLA is known to play an essential role in
genomic RNA replication, therefore LNA-25 is likely to function by preventing essential
interactions between the SLA top loop and proteins, such as the NS5 polymerase, thereby
reducing the efficiency of genome replication. The remaining ZLP2 LNA oligonucleotides were
unable to inhibit the ZIKV sub-genomic replicon.

This result may be as a consequence of differences between the infectious ZIKV system and
the sub-genomic replicon. For example, LNA-96 and LNA-204 may inhibit ZIKV by preventing
long range RNA-RNA interactions between the target sequence and the structural protein
coding region (which is absent in the replicon) or by preventing interactions with the ZIKV
structural proteins. It is also possible that the LNA-96 and LNA-204 inhibit ZIKV by another
mechanism, such as by inhibiting virus genome packaging, which is not present in the sub-
genomic replicon system. This highlights the importance of validating findings from replicon
experiments in an infectious virus system, as the ZIKV replicon acts only as a model of genome
replication and does not take other lifecycle stages into account.

In summary, an RNA element within the ZIKV genome, identified by SHAPE mapping, was
shown to play a functional role in the ZIKV lifecycle, further elucidating the complex
requirements for ZIKV replication and providing new targets for antiviral agents. Using
antisense DNA oligonucleotides, several ZIKV RREs were shown to be susceptible to specific
targeting, resulting in inhibition of ZIKV genome replication. DNA oligonucleotides were used
as a basis for the design of antisense LNA oligonucleotides and three of these LNA
oligonucleotides were shown to inhibit ZIKV replication in an infectious virus system.
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Chapter 6 Final Discussion

Functional RNA structures play important roles in the replication cycles of both CHIKV and
ZIKV. Whilst the role of RREs in these viruses is beginning to be elucidated at the molecular
level, the viability of such structures as targets for antiviral reagents requires further
elucidation. Since there are no licensed specific antiviral reagents available to treat either
pathogen, the development of novel reagents remains a priority.

6.1 RREs as antiviral targets in CHIKV

In chapter 3, the potential of RREs within the 5’ region of the CHIKV to act as antiviral targets
was investigated. Using antisense LNA oligonucleotides, one RRE termed SL165, was
identified as a viable target for antiviral agents. Specific targeting of SL165 resulted in
inhibition of CHIKV replication in both infectious virus and replicon systems at the level of
initiation of virus genome replication. This is a novel finding and demonstrates the viability of
using CHIKV RREs in general as antiviral targets.

A)

. o

Trans activating
factor

Figure 6.1 Model of LNA-162 binding to SL165

A) (i) RNA nucleotides base pair with LNA-162, resulting in disruption of SL165 base pairing.
(ii) nucleotides involved in SL165 formation are now bound to LNA-162. B) Trans activating
factors can no longer interact with SL165, resulting in inhibition of virus replication.

LNA oligonucleotides have previously been shown to have in vivo activity against HCV in
clinical trials [299,300], demonstrating that LNA therapies have sufficient pharmacokinetic
properties to be used clinically. In order to further validate the efficacy of LNA-162, an animal
model can be employed. Newborn and 14-day-old mice show symptoms of CHIKV infection,
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such as difficulty walking and lethargy, when infected sub-cutaneous with CHIKV [67]. The
efficiency of LNA-162 could be determined by administering the oligonucleotide to CHIKV
infected mice, to determine if LNA-162 is able to inhibit CHIKV in in vivo conditions. The
findings of chapter 3 indicate that SL165 can be specifically targeted, therefore, SL165 can
used to identify other antiviral molecules. For example, SL165 could be used as a target for
the selection of canonical and non-canonical RNA binding aptamers.

Aptamers are produced through systematic evolution of ligands by exponential enrichment
(SELEX). SELEX is an iterative process, whereby a large library of ligands is screened against
the target molecule. In the case of CHIKV, SL165 could be selected as the target for SELEX,
based on the results presented in chapter 3. The initial library is screened against the target
molecule and partially bound or unbound RNAs are discarded. RNAs which bind are amplified
using RT-PCR and the process in repeated 8-12 times until only a pool of RNAs with a high
affinity for the target remains. The pool of RNAs is then sequenced and the highest affinity/
most effective aptamers identified [341]. Since the SELEX process screens a large number of
potential ligands, this approach may lead to selection of aptamers which bind with higher
affinity or have a greater effect on virus replication. Aptamers which bind with higher affinity
may be more potent antiviral agents, as the aptamer will be less likely to be displaced by
protein or RNA-RNA interactions. RNA aptamers may also bind to SL165 in a conformation
which causes greater structural disruption, for example by forming a highly condensed
structure upon binding, thereby rendering the target nucleotides inaccessible. RNA aptamers
may also produce less cellular toxicity then LNA oligonucleotides, allowing higher
concentrations to be administered.

Alternatively, SL165 could be used as a target for affimer selection [342]. Affimers (also known
as adhirons) are non-antibody scaffold proteins, based on a plant-derived phytocystatin
consensus sequence. The consensus sequence produces a small, monomeric, highly stable
and highly soluble protein and contains two loops, which act as insertion sites. Amino acids
within the insertion sites are replaced by 9 random amino acids, creating a library of potential
ligands. Target molecules are then screened using a phage display library, where the Affimers
are expressed on the surface of the phage coat protein, allowing the affimers to interact with
the target sequence. Phages expressing Affimers with a high affinity for the target are then
selected and used for subsequent rounds of selection, before being cloned into protein
expression constructs for purification [343]. Similar to RNA aptamer selection, the affimer
selection process may produce proteins with improved properties compared with LNA
oligonucleotides. Affimers are also highly stable, due to the properties of the phytocystatin
scaffold, and have high thermostability, which may result in a long half-life in a cellular
environment. In addition, affimers can be labelled with fluorophores in site specific manner
and can be used to identify the cellular localisation of target molecules [342,343]. Fluorescent
affimers could therefore be used to identify the position of the CHIKV RNA within infected
cells, which may elucidate features of the CHIKV lifecycle. For example, if fluorescence is only
observed in certain cellular locations, for example in spherules, this would imply that the
SL165 is only accessible for binding at specific stages of the virus lifecycle.

In addition, SL165 could be screened against small molecule libraries. For example, the 640-

compound library from the French National Chemical Library was used to identify small
molecules which bind to microRNA-372 precursor (pre-miR-372). Pre-miR-372 represses
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expression of the tumour suppressor protein LATS2 (which is involved in cell cycle regulation),
therefore overexpression of pre-miR-372 can result oncogenic effects. Using the small
molecule screen, a polyamide compound was shown to decrease levels of pre-miR-372
expression in a human gastric carcinoma cell line, leading to a reduction in cell growth rate
[344]. In addition, the small molecule risdiplam has been used in the treatment of spinal
muscular atrophy and functions by modifying splicing of the SMN2 messenger RNA [345]
(similar to the antisense oligonucleotide Nusinersen as discussed in section 3.1). Small
molecule libraries could therefore be used to identify compounds which bind to and disrupt
SL165. The advantage of such small molecule screens is that a large number of compounds
can be tested, increasing the probability of identifying a compound with anti-CHIKV activity.

LNA-202 targets the CHIKV RRE SL194, an RNA structure known to be essential for replication.
Therefore, it was anticipated that LNA-202 would be able to effectively inhibit CHIKV
replication. However, despite showing an affinity for CHIKV RNA, LNA-220 was not observed
to inhibit CHIKV replication. Similarly, LNA-225, which targets a conserved base paired region,
was able to bind CHIKV RNA, but did not inhibit replication. These results suggest that both
SL194 and the conserved base pair region are not available for binding within a host cell and
that trans activating factors, such as viral or host proteins, or higher order RNA-RNA occlude
the LNAs from accessing the RNA structures. This indicates that there are gaps in our
understanding around the mechanisms by which CHIKV RREs carry out their functions and
more research is needed to identify potential interacting partners or alternative RNA folding
conformations at different stages of the virus lifecycle. For example, LNAs may bind to the
CHIKV RNA at an earlier lifecycle stage but then become displaced by a trans activating factor
during the genome replication stage.
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Figure 6.2 Model for LNA-202 interacting with CHIKV RNA

A) LNA-202 binds to SL194 in EMSA experiments, in the absence of trans activating factors. In
a cellular environment, trans activating factors (B) or long-range RNA-RNA interactions (C)
may prevent LNA-202 binding to SL194.

6.2 RNA structures within the 5 'UTR and adjacent coding region of ZIKV

Having demonstrated that RREs within CHIKV are potential targets for antiviral agents, the
next aim was to demonstrate the viability for this approach in other viruses with RNA
genomes, such as flaviviruses, using ZIKV as a model flavivirus. In order to target specific
nucleotide sequences within the ZIKV genome, a single nucleotide resolution structural map
is need to identify target RNA elements and the specific nucleotides which can act as the
target sequence for antisense oligonucleotides.

Since at the outset of this project, no nucleotide resolution RNA structure map existed in the
published literature for ZIKV, the first task was to identify the RNA elements within ZIKV by
generating a thermodynamically constrained SHAPE model. The 5" UTR and adjacent capsid
coding region were selected as the region of interest, as analysis published literature from
other flaviviruses, such as DENV, indicated that RREs essential for virus genome replication
were present in this region [182]. Purley thermodynamic models of RNA structures may not
be biologically accurate, due to the effect of buffer conditions and the limitations on the
sequence length which can be modelled. By investigating the biochemical reactivity of each
nucleotide within an RNA molecule (based on nucleotides either being constrained or not
constrained), SHAPE mapping allows the folding conformation of an RNA molecule to be
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determined biochemically, in a biologically relevant buffer [316]. By constraining
thermodynamic algorithms with SHAPE reactivity scores, the resultant model has a higher
biological relevance and will therefore act as a better guide for further experiments.

Using in vitro SHAPE mapping, high resolution models were generated for ZIKV at both 28 °C
and 37 °C, using either short 1-772 RNA or full-length ZIKV RNA. Since ZIKV infects both human
and mosquito hosts, which have body temperatures of 37 °C and 28 °C respectively, it is
possible that the viral genomic RNA has different folding conformations at these different
temperatures. Temperature dependent folding conformations could imply that RREs change
conformation in order to optimise interactions with the different host organisms. In addition,
flavivirus genomes undergo cyclisation during the initiation of negative strand synthesis,
therefore adopting a different folding conformation [182]. In order to investigate the effects
of genome cyclisation, SHAPE analysis was performed on both truncated ZIKV RNA molecule
(which lack the 3’ elements required for genome cyclisation) and full-length genomic RNA
molecules.

In chapter 4, RNA structural models displayed a high level of consistency, indicating that the
RNA genome adopts similar conformations at both 28 °C and 37 °C. SHAPE analysis of Full-
length ZIKV genomic RNA indicated that the RNA was in a linear conformation, indicating that
the linear genomic conformation is the most thermodynamically stable in a biologically
relevant buffer in vitro, suggesting that additional factors, such as viral or cellular proteins,
may be required for genome cyclisation to occur. Minimal differences were observed
between the SHAPE maps based on full length template and the short 1-772 template,
indicating that experiments conducted using the shortened RNA molecule (e.g. RNA binding
assays) were biologically relevant.

During the course of the project, RNA SHAPE models were published in the literature,
including an in vitro SHAPE model the 5’ region of ZIKV [225] and a full SHAPE map of the
entire ZIKV genome, obtained using in cellulo SHAPE [212]. The published models are highly
consistent with the RNA models presented in this thesis, indicating that the models presented
in chapter 4 are of sufficient quality to be used as a basis for further investigation of ZIKV RNA
elements. Comparing the published SHAPE models, the region containing the pseudoknot
sequence has a different structural conformation. In the in cellulo model [212], the region
contains a single RNA stem loop. Conversely, in the in vitro published model [225], the region
contains two short RNA stem loops. These differences may reflect differences between the
use of in cellulo vs in vitro SHAPE mapping. The models presented in chapter 4 show
agreement with both of published models for this region. In the truncated ZIKV 1-772 RNA,
the conformation is identical to the in cellulo published model, whereas the full-length models
are identical to the published in vitro model. Since NMIA reactivity for this region was
inconsistent between the full-length and 1-772 models at both temperatures and did not
match well to the models generated by “RNAstructure”, it is difficult to determine which of
the two potential conformations (two stem loops or one stem loop) is correct for this region.
It is possible that this region forms unstable interactions, for example the pseudoknot
interaction may form transiently, meaning that during NMIA treatment of the RNA, the
nucleotides involved in the pseudoknot are based pair in some molecules and not in other
molecules, resulting in variable reactivity for this region. Further work, including performing
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SHAPE reactions on RNA derived from purified replication complexes, will be needed to
definitively determine the secondary structure conformation of nucleotides 160-207.

Since the full-length model represents the most biologically relevant of the RNA SHAPE
models presented in chapter 4, further experiments were performed using the full-length
model as a basis for mutagenesis and antisense oligonucleotide design. In order to further
investigate the folding conformation of the ZIKV RNA in mosquito hosts in cellulo SHAPE could
be performed using mosquito cell lines, although SHAPE maps generated from reactions
carried out at 28 °C suggest no changes in RNA secondary structure when compared with 37
°C, indicating that the ZIKV RNA forms the same RNA secondary structures in both mammalian
and mosquito hosts.

6.3 RREs as antiviral targets in ZIKV

The SHAPE models produced in chapter 4 revealed that the 5’ UTR and adjacent capsid coding
region of ZIKV contains several RNA elements, including elements such as SLA, which has been
previously shown to function in flavivirus genome replication [207]. In addition, the models
showed that this region contained several novel RNA elements, including two RNA stem
loops, termed SLD and SLE, and a pseudoknot interaction (based on the 37 °C full length model
obtained in chapter 4). Since the RNA models are at single nucleotide resolution, it is possible
to use these models as a guide to introduce mutations which disrupt RNA elements.

By comparing the replication efficiency of WT ZIKV to mutants in which these novel RNA
elements are disrupted, it is possible to determine if the novel elements function during the
ZIKV lifecycle. Mutations which disrupted the pseudoknot region resulted in highly significant
impairment of ZIKV replication, resulting in the pseudoknot mutant virus being undetectable
by plague assay at 24 hours post infection and causing a reduction in plaque size. Together
these results indicate the discovery of a novel RRE in ZIKV, which is essential for efficient ZIKV
replication. This further validates the use of SHAPE mapping to identify novel antiviral targets,
as an RNA element identified using SHAPE was shown to be functional.

The mutations introduced in chapter 5 were designed to fully impair the function of the target
RRE, meaning that several RNA bases were modified. In order to further investigate the
pseudoknot element, the role of individual RNA bases could be determined by generating
additional mutant viruses which contain fewer mutations, for example, by only altering bases
in either the upstream or downstream pseudoknot regions. This will allow further
characterisation of the pseudoknot element, allowing the key nucleotides involved in the RRE
to be fully determined. ZIKV mutations were designed such that compensatory mutations,
which reform the RREs with an alternative sequence, could be introduced without altering
the amino acid coding sequence. To further investigate the ZIKV RREs, these compensatory
mutations could be introduced into the ZIKV reverse genetic system, in order to determine if
the RREs function in a sequence-specific or structure-specific manner (or a combination of
both).

We next investigated the potential of RREs with the ZIKV genome to be specifically targeted

by antisense oligonucleotides. Using the RNA models shown in chapter 4, oligonucleotides
were designed to bind specific nucleotide sequences, in order to disrupt ZIKV RREs. Several
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DNA oligonucleotides were shown to inhibit ZIKV genome replication, using a sub-genomic
replicon system. DNA oligonucleotides targeting SLA showed a strong inhibitory effect,
highlighting the critical function of SLA in the ZIKV lifecycle and demonstrating that the top
loop of SLA is accessible for binding during ZIKV RNA replication. DNA oligonucleotides
targeting the UFS region also successfully impaired ZIKV genome replication, supporting the
hypothesis that this genome region may be required for switching between linear and circular
genome conformations. An oligonucleotide targeting the downstream pseudoknot region
and base of SLD also proved to be effective at inhibiting ZIKV genome replication, confirming
that RNA elements within this region are required for efficient RNA replication. Since the DNA
oligonucleotides effectively inhibited replication in a model of genome replication, this
implies that the target RREs function during an early stage of ZIKV replication, such as
initiation of genome replication, as opposed to later lifecycle stages, such as genome
packaging.

Building on this information, antisense LNA oligonucleotides were designed to target
sequences identified in the oligonucleotide screen. Antisense LNA oligonucleotides were
shown to impair ZIKV replication, as determined using a nano-luciferase expressing infectious
ZIKV. This indicates that antisense oligonucleotides are able to access the genomic RNA within
the RNA replication complex, in the context of the infectious ZIKV lifecycle. In additional, a
ZIKV LNA oligonucleotides were shown to inhibit replication of a ZIKV replicon, indicating that
the oligonucleotide specifically inhibits ZIKV genome replication.

The use of antisense oligonucleotides to specifically target and impair ZIKV RREs further
validates the findings of the reverse genetic analysis, as both mutagenesis and specific
targeting of the pseudoknot element resulted in inhibition of ZIKV replication. This
demonstrates that antisense oligonucleotides are powerful tools for investigating the
molecular biology of RNA viruses, allowing regions of the genome to be specifically targeted
at the nucleotide level. Use of antisense oligonucleotides provides evidence for the
accessibility of different regions of the genome, by demonstrating which regions of the
genome are available for targeting within the context of the RNA replication complex. By
investigating the effects of antisense oligonucleotides on systems such as sub-genomic
replicons, the lifecycle stage at which the target RREs function can be elucidated.

6.4 Concluding statement

In summary, functional RNA elements within positive-sense RNA arboviruses genomes can be
specifically targeted, resulting in inhibition of virus genome replication. These findings
provide a basis for the development of specific antiviral agents which can be used to treat
patients infected with CHIKV or ZIKV, as currently no licenced antiviral agents exist for either
virus. Whilst characterisation of RREs within the genomes of arboviruses has typically been
focussed on the extreme 5 and 3’ ends of the genome, there are potentially many RNA
structures/ interactions throughout the genome which act as replication elements. Further
characterisation of RNA elements throughout the whole genome will likely elucidate more
novel interactions and therefore lead to the discovery of novel, specific antiviral agents.
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Chapter 7 Appendix

Appendix 1: Buffer compositions

0.5 X T.E buffer
5 mM Tris and 0.5 mM EDTA, pH 7.5

1 X TAE buffer
40 mM Tris 20 mM Acetic acid and 1 mM ethylene-diamine-tetraacetic acid (EDTA)

1xPBS
137mM NaCl, 2.7mM KCI, 10mM NAHPO4, 1.8mM KH,PO4

RNA folding buffer (prepared at 3.3 x concentration)
330 mM HEPES (pH 8.0), 20 mM MgCl, and 330 mM NacCl

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% B-mercaptoethanol, 0.01% (w/v)
bromophenol blue

LB broth
LB Broth; 10 g tryptone, 10 g NaCl, 5 g yeast extract, autoclaved in 1 litre ddH.O

Native RNA loading dye
30% Glycerol, 0.25% Xylene Cyanol, 0.25% Bromphenol Blue in DEPC H,0

IP Lysis buffer
25 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40 Alternative and 5% glycerol.

SDS running buffer
25 mM Tris, 192 mM glycine, 0.1% (w/v) SDS

Soy broth
10g Tryptic soy broth (Company needed), autoclaved in 1 litre ddH,0

Towbin buffer
25 mM Tris, 192 mM glycine, 20% (v/v) methanol
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Appendix 2: Additional figures
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Figure 7.1 Appendix Figure 1

Huh7 cells were incubated with increasing concentrations of LNA-162 and cells viability was
determined by MTT assay after 6 hrs and 24 hrs treatment. At 24 hrs post transfection,
transfection of 1000 nM of LNA-162 resulted in a 30% impairment in cell viability, compared
with untreated/ lipofectamine only treated cells ** = P < 0.01 (n = 3). Values are relative to
lipofectamine only treated Huh7 cells i.e. cells where no LNA was transfected. Lipofectamine
was used as a control to negate the effects of lipofectamine transfection on Huh7 cells, which
may cause differences in cell viability relative to cells in the absence of lipofectamine. Error
bars represent standard error of the mean.
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Figure 7.2 Appendix Figure 2

The effect of antisense LNA transfection on Fluc-SGR replication. LNA oligonucleotides were
co-transfection at 100nM with the CHIKV (mono-luc) replicon into Huh7 cells. Cells were
harvested at 6 hours post infection. * = P < 0.0001 (Two-tailed T-test vs scrambled LNA) (n =
3). Error bars represent standard error of the mean.
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Figure 7.3 Appendix Figure 3

The effect of LNA transfection on translation were determined using a replication deficient
CHIKV replicon system (CHIKV_Rep(GDD>GAA)) in Huh7 cells. Firefly luciferase, representing
genome replication (A), and Renilla luciferase, representing translation (B), were determined
at 4, 6 and 12 hours post transfection. Data is shown as normalized to GAA signal for each
time point (n = 3). Error bars represent standard error of the mean.
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Figure 7.4 Appendix Figure 4

ZIKV IC overlap extension components. A) ZIKV Overlap extension stage 1 components. 1)
Overlap extension PCR precursor fragment 1 (1153 bp), encompassing the AVRII restriction
site. 2-3) Overlap extension PCR precursor fragment 2 (491 bp), encompassing the EcoRl site,
Pseudoknot mutations (3) and SLD mutations (4). B-C) Overlap extension PCR reactions.
Precursor fragment 1 and 2 were added to the overlap extension reactions PCR reaction in an
equimolar amount. PCR reactions were run using a gradient from 50-70 °C, using the
pseudoknot precursor fragment 2 (B) and M-SLD precursor fragment 2 (C). All agarose gels
were performed using 2% agarose and using 1Kb plus DNA ladder.
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Figure 7.5 Appendix Figure 5

C6/36 cells were infected with WT or M-SLE ZIKV (MOI 1) (Huh 7 derived). Virus was harvested
at 3- and 5-days post infection and virus titre was determined by plaque assay. The SLE
mutations showed a small reduction in virus titre however, when combined with other data
for SLE, SLE mutations was deemed to have no effect on ZIKV replication. (n = 1).
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Figure 7.6 Appendix Figure 6

Binding positions of ZLP1 LNA oligonucleotides. ZLP1 oligonucleotides were designed to bind
and impair the functional RNA elements within the ZIKV genome.
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Figure 7.7 Appendix Figure 7

The effect of ZLP1 LNA oligonucleotides LNA-29 and LNA-142 on ZIKV nano-luc IC replication.
Vero cells were infected with ZIKV Nano-luc IC (MOI = 0.1) and incubated for 3 hours, before
cells were transfected with either 5 uM or 3 uM ZLP1 LNA oligonucleotides. Luciferase
expression was determined at A) 24 and B) 48 hours post infection. (n = 1) Error bars represent
standard error of the mean.
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Figure 7.8 Appendix Figure 8

The effect of ZLP1 LNA oligonucleotides LNA-158 and LNA-191 on ZIKV nano-luc IC replication.
Vero cells were infected with ZIKV Nano-luc IC (MOI = 0.1) and incubated for 3 hours, before
cells were transfected with either 5 uM or 3 uM ZLP1 panel oligonucleotides. Luciferase
expression was determined at A) 24 and B) 48 hours post infection. (n = 1) Error bars represent
standard error of the mean.
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The effect of ZLP1 LNA oligonucleotides LNA-213 and LNA-392 on ZIKV nano-luc IC replication.
Vero cells were infected with ZIKV Nano-luc IC (MOI = 0.1) and incubated for 3 hours, before
cells were transfected with either 5 uM or 3 uM ZLP1 LNAs. Luciferase expression was
determined at A) 24 and B) 48 hours post infection. (n = 1) Error bars represent standard error
of the mean.
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Figure 7.10 Appendix Figure 10

ZIKV DNA oligonucleotide screen of group 1 oligonucleotides additional data. DNA
oligonucleotides were co-transfected with ZIKV Nano-luc replicon and 100 nM DNA
oligonucleotides. Nano-luciferase expression was determined at A) 6 hours post transfection
and B) at 48 hours post transfection when cells were lysed. * = P < 0.05, ** = P < 0.005 *** =
P <0.001 (Two-tailed T-test vs scrambled LNA) (n = 3). Error bars represent standard error of
the mean.
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Figure 7.11 Appendix Figure 11

ZIKV DNA oligonucleotide screen group 2 oligonucleotides additional data. DNA
oligonucleotides were co-transfected with ZIKV Nano-luc replicon and 100 nM DNA
oligonucleotides. Nano-luciferase expression was determined at A) 6 hours post transfection
and B) at 48 hours post transfection when cells were lysed. * = P < 0.05, ** = P < 0.005 *** =
P <0.001 (Two-tailed T-test vs scrambled LNA) (n = 3). Error bars represent standard error of
the mean.
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Figure 7.12 Appendix Figure 12
Binding positions of the group 3 DNA oligonucleotides. Group 3 oligonucleotides were
designed to target multiple RNA elements simultaneously.
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Co-transfection of ZIKV Nano-luc replicon and connector DNA oligonucleotides, performed in
Vero cells. Luciferase activity was determined at 6 (A), 24 (B) and 48 (C) hours post transfection
and in lysed cells at 48 hours (D). Connector LNA oligonucleotides had no significant effect on
ZIKV Nano-luc replicon replication. (n = 3) Error bars represent standard error of the mean.
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The effect of ZLP2 LNA transfection on ZIKV genome replication. ZIKV nano-luc replicon RNA
was co-transfected with ZLP2 100nM LNAs and luciferase expression was measured at 6 (A)
and 24 (B) hours post infection. (n = 3) Error bars represent standard error of the mean.
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