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Abstract

Chikungunya virus (CHIKV) is a single-stranded, positive-sense RNA virus of the

alphavirus genus and is the known causative agent of chikungunya fever. CHIKV

is an arbovirus and transmitted between humans and Aedes spp. mosquitoes.

Increasing global temperatures has resulted in the expansion of the mosquitoes

geographical range. As a consequence the epidemic incident rate of CHIKV is

increasing and it is now recognised as a potential threat to global health. There

are currently no approved specific therapeutics or vaccines against CHIKV, so a

greater understanding into the CHIKV lifecycle is essential. Preliminary data

from our group demonstrated that the presence of a second methionine (M24) in

the non-structural protein 1 (nsP1) coding region enhanced CHIKV replication

and hypothesised that this residue functioned as an alternative start codon to

initiate translation of truncated nsP1.

A panel of mutants were introduced at M24 in the full-length infectious clone,

sub-genomic replicon and trans-replicase assay constructs. Attenuated virus

replication was observed across the mutant panel in both mammalian and mosquito

cells. Further experiments demonstrated that mutations did not inhibit replication

in the context of nsP1 functioning in the replicase complex, but rather in the

context of the RNA template. Previous studies have clearly demonstrated the

importance of RNA structures within the 50 conserved sequence element. To

understand the impact to RNA secondary structures across the mutant panel,

selective 20hydroxyl acetylation analysed by primer extension (SHAPE) was used

to inform the modelling of RNA structures within the 50 region of CHIKV. The

SHAPE-constrained minimum free energy models confirmed that these structures

were disrupted to varying extents across the mutant panel, except M24S which

had high structural similarity with wild-type CHIKV. In order to distinguish a

specific mechanism for this disrupted region, M24A was passaged for 10 rounds in

human and mosquito cells, and alternately between the two cell lines. Extracted

cellular RNA was analysed by Next Generation Sequencing, and substitutions were
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observed at nucleotide C147U following passaging in human cells and alternate

passaging between human and mosquito cell lines. Pseudo-escape mutations were

observed at nucleotide A77G, which caused an amino acid change of the ORF-1

start codon to a valine. Attempts to confirm whether these mutations were

sufficient to restore virus replication to wild-type levels remained inconclusive.

However, it was demonstrated that these mutations were sufficient to restore

wild-type base pairing in RNA structures.

In parallel, this project aimed to determine the molecular structure of CHIKV

nsP1 through X-ray crystallography. Recombinant full-length CHIKV nsP1 was

successfully expressed and purified through a bacterial expression system and

nickle affinity chromatography however contamination products were consistently

present following size exclusion chromatography, and therefore the protein was

not taken forward for X-ray crystallography trials.
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Chapter 1

Introduction

1.1 Chikungunya virus

1.1.1 Classification of Alphaviruses

Chikungunya virus (CHIKV) is a re-emerging arbovirus from the Togaviridae

family and is a member of the Alphavirus genus. Alphaviruses are positive sense,

single-stranded enveloped viruses. There are currently over 30 characterised

alphaviruses (1) that are known to infect a broad range of vertebrate hosts,

including humans, horses and birds. The majority of alphaviruses are arboviruses

that are spread through infection of an arthropod vector (commonly mosquitoes).

However, there are examples of alphaviruses that infect the Salmonidaefamily of

fish (Salmonid pancreatic disease virus (SPDV) and sleeping disease virus (SDV))

and are presumed to not be transmitted via infected arthropods. It is instead

suggested that transmission of SDV occurs by contact between näıve rainbow

trout and the flesh of infected rainbow trout (2). The southern elephant seal

virus (SESV) has been found to infect lice, further demonstrating that not all

alphaviruses are transmitted through a mosquito vector (3). Eilat virus (EILV)

was first isolated in 2012 from Anopheles coustanimosquitoes in Israel and was the

first insect-specific alphavirus discovered (4). There are currently five recognised

insect-specific alphaviruses that have no known vertebrate host (5).

Alphaviruses can be classified into ’New world’ and ’Old world’ categories through

broad geographical distribution and disease onset . New world alphaviruses are

associated with infection that leads to encephalitis (Venezuelan equine encephalitis

virus (VEEV) and Western and Eastern equine encephalitis virus (WEEV and

EEEV respectively)). New world alphaviruses are typically endemic in the
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Americas (USA, Caribbean and Central/South America). The Old world viruses

are more commonly associated with the onset of fever, rash and arthralgia (such

as Sindbis virus (SINV), Semliki Forest virus (SFV), Ross River virus (RRV) and

CHIKV). It is hypothesised that alphaviruses originated in the New world and

were introduced to the Old world by migratory birds (6). The mortality rate of

New world alphaviruses can be far greater than that of Old world alphaviruses,

with the mortality reaching 75 - 90% in horses infected with EEEV (7). The

mortality rate in humans is much lower than that observed in animals as > 96%

of infections are asymptomatic; 33% of individuals who develop neurological

symptoms will die and the remainder will suffer severe neurological complications

(8, 9).

Alphaviruses as a genus are geographically widespread and have been detected

in every continent (bar Antarctica), but individual alphaviruses generally have

limited geographical distribution. For example, Mayaro virus (MAYV) has has

only been detected within Latin America (10) and o’nyong-nyong virus (ONNV)

has not been observed beyond Africa (11). It is believed that the specificity

of virus-vector interactions determines the limited geographical distribution

of certain alphaviruses. It is therefore important to monitor the increased

distribution of mosquitoes due to climate change and global warming, as novel

cases of transmission are being reported alongside the introduction of mosquitoes

to a population.

Due to recent changes and increases in the geographical distribution of alphaviruses

it has become less preferable to divide them into New world and Old world viruses.

They can be grouped into 10 complexes based on antigenic similarities (4) (figure

1.1). The Western equine encephalitis (WEE) complex comprises both Old and

New world viruses (New world - Aura virus and Old world - Whataroa virus and

Sindbis virus (SINV)), as well as recombinant viruses (Buggy Creek, Highmans

J (HJV) and Fort Morgan (FMV)). The Venezuelan equine encephalitis (VEE),

Eastern encephalitis (EEV) and Trocara (TROV) complexes are solely comprised

of New world viruses. Conversely, the Semliki forest (SF), Barmah Forest, Ndumu

and Middleburg virus complexes are made up from Old world viruses. The

aquatic alphaviruses comprise two complexes; SESV and SPDV. The discovery of
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insect-specific alphaviruses (such as EILV) proposed a new alphavirus complex.

Figure 1.1: Phylogenic tree of the alphavirus genus
A Bayesian phylogenic tree based on the nucleotide sequences of ORF-2 across al-

phaviruses. A midpoint rooted tree is shown with all posterior probabilities < 1 shown

on major branches. CHIKV is highlighted in red. Virus abbreviations used as those

used in Powers et al (12). Image adapted from Nasar et al (4).

1.1.2 Epidemiology of CHIKV

The first CHIKV epidemic was recorded in the Makonde plateau (an area found in

modern-day Tanzania) in 1952 (13). Locals from this area began referring to the

disease as chikungunya, translating as “that which bends up”, from the arthralgia

that affects peoples ability to walk upright associated with CHIKV infection.

Between 1960 - 1980 there were numerous sporadic outbreaks in West Africa

(Senegal to Cameroon) and in multiple countries across Central and Southern

Africa (such as; Democratic Republic of Congo, Nigeria, Angola, Uganda, Burundi,

Guinea, Malawi, Central African republic and South Africa) (14, 15). African

outbreaks most likely occur as spill over events from the sylvatic cycle of CHIKV

between forest dwelling Aedesspp. mosquitoes and non-human primates.

CHIKV was first reported in Asia in 1954 in the Philippines, where there were

also two epidemics in 1956 and 1986 (16). The Indian sub-continent observed its
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first outbreak in 1963 in Kolkata which was followed by numerous other outbreaks

across the country up until the Barsai epidemic in 1973 (14). There were no

reported outbreaks across Africa and Asia from � 1980 - 2000.

One of the most severe CHIKV epidemic outbreaks began in Kenya in 2004,

where 75% of the population in Lamu island were infected with CHIKV (15).

The virus then spread across Comores, Seychelles and Mauritius islands. In 2005,

CHIKV reached La Réunion where it rapidly spread across the island and to

multiple other countries in the Indian Ocean. This outbreak was of particular

importance due to the observation of more severe symptoms and for the first

time CHIKV was associated with fatality - La Réunion observed mortality was

1/1000 cases (17, 18). By late 2006 151 districts of India had declared cases of

chikungunya fever. There were no deaths reported from association with CHIKV

across India. However, as with the La Réunion outbreak individuals suffered

neurological complications, such as meningoencephalitis (16). Virus isolated from

the La Réunion outbreak and the Indian outbreak was determined to be a strain

that had diverged from the the East/Central/South Africa (ECSA) lineage (19).

Cases were also noted in China and Southeast Asia (20, 21).

There had been no identified cases of CHIKV across India for over 30 years prior

to the 2006 outbreak and the reduced immunity across the population may have

been the cause for increased symptom severity and increased attack rate. The

Ae. albopictusmosquito was the main vector in transmission of CHIKV across

Réunion which was unusual as Ae. aegypti was previously understood to be

the most common urban vector. This is due to female Ae. aegyptimosquitoes

taking more blood meals than Ae. albopictusmosquitoes. A mutation in the

E1 glycoprotein (A226V) was identified which was shown to permit increased

replication rates within Ae. albopictusmosquitoes (22, 23), which may explain

the increased attack rate of CHIKV during the Réunion and Indian epidemics as

Ae. albopictus is more commonly seen across these areas.

There were reported cases of CHIKV across Europe and America that were

imported by people travelling from epidemic regions during the Réunion outbreak.

Despite the Ae. albopictushost being prevalent in the Americas, there were no
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reports of local transmission beyond the initial cases. On the other hand, Italy

reported over 200 cases of CHIKV in 2007 (24). This was the first time that

CHIKV had been spread autochthonously (human to mosquito to human) in

Europe. In 2010 there were reports of autochthonous transmission of CHIKV in

Southern France, and sequencing and phylogenetic analysis demonstrated that

the strain detected was similar to the Indian strains in the ECSA lineage (25).

The Asian lineage of CHIKV was detected in the Pacific Islands in 2011, and

then spread to 10 of the 22 countries/territories in this region (26). In 2013 the

first case of locally transmitted CHIKV was reported in Saint Martin, in the

Caribbean Islands (27, 28). Both the Ae. albopictusand Ae. aegypti vectors

are commonly found in the region from South Florida to Brazil, allowing for the

development of an urban cycle and Ae. aegypti remained the principal vector

for CHIKV transmission across the Caribbean (29). By 2015 there had been

over 1 million reported cases and autochthonous transmission was observed in 45

countries across the Caribbean and North, South and Central America (27, 30).

Cases of CHIKV have now been reported in over 100 countries, across nearly

all continents as shown in figure 1.2. Importantly, autochthonous transmission

has been reported in temperate climates where there is no sylvatic cycle. These

regions have no immunity against CHIKV and are therefore susceptible to the

increased morbidity and mortality that was observed in the 2004 epidemic.
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Figure 1.2: Geographical distribution of CHIKV
A map representing the countries and territories that have had reported cases of CHIKV

(not including imported cases). The �rst case of CHIKV was reported in Tanzania in

1952 and since has spread to over 100 countries, across the Americas, Africa, Europe

and Asia. Taken from CDC (31).

1.1.3 CHIKV Phylogeny

There have been three distinct lineages defined for CHIKV: the Asian, ECSA and

West African lineage, with the virus responsible for the Indian Ocean outbreak

forming a distinct cluster within the broader ECSA lineage (figure 1.3). These

lineages roughly correspond to different outbreaks. It is of note that despite the

close geographical location, the West African and ECSA lineages are genomically

distinct (32).

CHIKV was isolated from a variety of different locations throughout the Indian

Ocean outbreak and phylogenic analysis of the strains identified that the A226V

mutant in the E1 glycoprotein associated with increased infectivity in Ae. al-

bopictuswas acquired independently (23). This mutant, along with M269V and

D284E in E1, were described as molecular signatures of the Indian Ocean outbreak

(15). Virus sequenced from the Indian outbreak in 2006 lacked this mutant, but

strains isolated from India in 2007 were observed to contain the A226V mutant.

Furthermore initial CHIKV sequences isolated at the start of the La Réunion
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outbreak did not contain the mutant, whereas > 90% of sequences from 2005

onwards did (33). These observations demonstrate the ability of CHIKV to adapt

over time. The acquisition and continued upkeep of the A226V mutant across

various strains suggests that this is a concurrent pathway for the rapid infection

rates of CHIKV in previously näıve locations. It also highlights the importance

for continued genomic monitoring of CHIKV as a single substitution can lead to

alterations in vector dynamics and increased spread of disease.

Figure 1.3: CHIKV phylogenic tree
A phylogenic tree of di�erent CHIKV strains derived from the genomic sequence using

Bayesian methods. Numbers indicate Bayesian posterior probability values. Strains

highlighted magenta show the presence of the mutant in E1 (A226V) that allows for

enhanced infection inA. albopictus. Image adapted from (32).

1.1.4 Transmission of CHIKV

CHIKV is transmitted through a bite from an infected female mosquito during a

blood meal. There are two distinct transmission cycles: a sylvatic and urban cycle
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(figure 1.4). These two systems are distinct from one another and the spillover

from a sylvatic cycle poses a great threat to human health by acting as reservoir

for initiating the urban cycle.

Figure 1.4: A schematic of the transmission cycle of CHIKV
CHIKV is transmitted in a sylvatic cycle between multiple Aedes mosquitoes in rural

areas. The main reservoir host in the sylvatic cycle are non-human primates. The virus

is transmitted between the mosquito vector and hosts during a bloodmeal. Spillover

events occur where humans become infected with CHIKV and then travel to urban en-

vironments. CHIKV is transmitted between Ae. albopictus and Ae. aegypti mosquitoes

and humans in the urban cycle.

1.1.4.1 Sylvatic cycle

The sylvatic cycle is the rural transmission of CHIKV from Aedes spp.mosquito

vectors to non-human vertebrate hosts. CHIKV has been isolated from a variety

of mosquitoes within the Aedesgenus from a rural/forest environment, including

Ae. furcifer, Ae. taylori, Ae. africanus and Ae. luteocephalus. There is an

approximately 4-year amplification cycle of CHIKV in mosquitoes (34, 35), which

occasionally results in spill over events into the human population (35). It was

presumed that the gap between amplification events in mosquitoes was related

to the time required for a sufficient amount of susceptible non-human primates

(NHP) to be born. Conversely, a study reported a continuous seroprevalence

of CHIKV in newly born (< 1 year old) monkeys in the 3 years following an

amplification event in mosquitoes. They concluded that NHP may be acting
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as an amplification host for CHIKV rather than a reservoir hosts and proposed

that there were other mammals acting as reservoir hosts (35). CHIKV has been

successfully isolated from a variety of other mammals, such as bats and rodents

(34, 36).

Whilst epidemic autochthonous CHIKV transmission occurs in the Americas and

Asia, there is no evidence that sylvatic transmission cycles have been established

in these areas. Moreira-Soto et al tested over 200 NHP in urban Brazil for CHIKV

infection and determined that it was unlikely for CHIKV to have established

a sylvatic cycle due to a low seroprevalence and lack of CHIKV detectable by

RT-PCR (37). When trying to determine whether CHIKV had established a

sylvatic transmission cycle in Asia, the virus was isolated from wild long-tailed

macaques in Malaysia between 2007 - 2008. However, PCR and sequencing data

determined that the macaques were infected with a different strain to the one

that was circulating in humans within the region (38). A later study in the same

location also determined the seroprevalence of CHIKV in macaques to be very

low, despite an outbreak in humans occurring at the time (39). Further, a study

in Thailand reported that the infection of captive macaques was independent of

infection in humans (40).

1.1.4.2 Urban cycle

It is proposed that the arboreal Ae. furcifer vector is most likely involved in

spillover events into humans as it is prevalent across a large area of land, and

importantly is frequently observed within human settlements (41, 42). There are

two mosquito vectors identified in the urban cycle of CHIKV: Ae. aegypti and Ae.

albopictus. A person becomes infected with CHIKV when bitten by an infected

mosquito (i.e Ae. furcifer ), during the mosquito’s blood meal. This person then

travels to an urban environment where different species of Aedesmosquitoes are

present. An uninfected mosquito (i.e. Ae. albopictus) then feeds on this (now

infected) individual and the mosquito becomes infected and is able to transmit

the virus onto other non-infected humans during future blood meals. A novel

urban cycle can be established if an infected individual travels to a new location
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and infects näıve mosquitoes when female mosquitoes have a blood meal.

It is important to continue to further investigate the spillover events from NHP

in order to prevent regular resurgence of CHIKV in humans and to protect the

health of individuals living in close proximity to sylvatic transmission of CHIKV.

Further studies into other reservoir/amplification hosts should also be performed

to predict whether novel sylvatic cycles can be established in the Americas, Asia

and Europe. It is far easier to limit the spread of CHIKV when there is only an

urban cycle within a region, as there is only the need to control the population

of Ae. albopictusand Ae. aegyptimosquitoes, rather than attempting to limit

the spread between multiple primatophilic mosquito vectors and hosts.

Furthermore, the current spillover events from established sylvatic cycles have

only been from the ESCA lineage, with no cases of the West African lineage

reported beyond this area. There is a potential that future spill over events could

occur from the West African lineage, resulting in the generation of novel CHIKV

strains and even a new lineage (similar to the evolution of the Indian Ocean

lineage).

Previously CHIKV was limited to humid, tropical climates where the mosquito

vectors were able to thrive. A rise in global temperatures has resulted in Ae.

aegypti and Ae. albopictusmosquitoes being able to survive in areas that were

previously temperate and inhospitable. Ae. albopictusmosquitoes are now able to

survive over winter within these temperate countries, which has ultimately led to

the establishment of CHIKV (and other arthropod-borne diseases) in previously

näıve countries, and importantly this allows for CHIKV to be endemic in a region

without the presence of a sylvatic cycle. Furthermore, Ae. albopictusmosquitoes

have a large geographical range which in combination with the A226V mutant

in E1 has increased the geographical spread of CHIKV. International trade and

travel allows for vectors and infected hosts to be introduced into a new country

with increased ease.
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1.1.5 CHIKV infection in humans

As described above, CHIKV is transmitted to humans via infected female Aedes

spp. mosquitoes when they take a blood meal. The typical incubation period

in humans is from 1 to 12 days, with most people experiencing symptom onset

between 4 - 7 days. There are three defined clinical stages following CHIKV

infection; acute stage, post-acute stage and chronic stage (discussed in more

detail in section 1.1.5.1).

Upon introduction to the body through the mosquito bite, CHIKV replicates

in fibroblasts at the site of inoculation. Some evidence also suggests it is able

to replicate in macrophages (43). CHIKV enters the bloodstream through the

lymphatic system, where it is able to disseminate to multiple organs. There are

high viral loads (109-1012 virions/mL) in the blood due to the replication of

CHIKV in peripheral tissues (44, 45). This is unusual for alphaviruses compared

to other arboviruses (such as dengue virus (DENV)) and allows for efficient

transmission to mosquitoes during a blood meal (26, 46). The most common

sites of CHIKV replication are the lymph nodes, spleen, skin, peripheral joints,

muscle and tendons (where prominent symptoms are observed)(47). In more

severe cases of CHIKV, the virus replicates in the brain and liver (48). It is

proposed that chronic arthralgia is due to persistent replication of CHIKV in

joints (49).

1.1.5.1 Symptoms of CHIKV infection

The acute phase is classed as the first 3 weeks of infection. The typical disease

presentation of CHIKV is the sudden onset of fever, inflammatory arthralgia and

arthritis. The extremities and peripheral joints (such as wrists and ankles) are

usually swollen and painful. Other symptoms associated with CHIKV infection

are headaches, myalgia, macular or maculopopular rash, edema on the face and

extremities (27). It is not uncommon for individuals to suffer from asthenia and

anorexia after initial symptoms have subsided. Other complications can occur

during the acute phase, such as gastro-intestinal symptoms and neurological
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symptoms, as well as more severe occurrence of rhabdomyolysis and bullous

dermatosis which can both be fatal. There are reports of individuals suffering

from respiratory and renal failures, pancreatitis and extensive epidermolysis,

however, these are uncommon.

The majority of patients will recover after 1 - 2 weeks, however it is more than

likely that they will relapse again. The post-acute phase is from the 21st day

up to 3 months post infection. Patients who present symptoms during this

stage suffer from continued severe arthritis and inflammation in joints. Patients

may also present peripheral vascular disorders, neuropathy and neuropsychiatric

disorders. Anti-inflammatory or pain relief drugs can be taken in order to manage

the arthralgia. The percentage of patients that suffer from persistent symptoms

beyond the third week varies from 50 - 90% (50). The persistence of infection

within individuals is dependent on multiple factors such as genetic susceptibility,

age, gender, prior musculoskeletal complications and differences in how cultures

treat the pain (50, 51). It is also of note that during the post-acute stage there

are records of non-specific symptoms that are not usually associated with CHIKV

infection. Some of the more frequently observed manifestations include chronic

fatigue, alopecia and changes in skin colour (50, 52).

The third stage of infection is the chronic stage, which is when symptoms persist

for over 3 months. 80-93% of infected individuals within the La Réunion outbreak

suffered chronic disease, with 47% of these suffering with symptoms for over 2

years following initial infection (27). The presentation of symptoms in the chronic

stage differs between individuals, with some suffering bilateral arthralgia and

others symmetrical; it can also be intermittent or constant pain (50). The effects

of chronic CHIKV are severe and reduce the patients quality of life for several

years following the initial infection with individuals claiming they are unable to

lift heavy objects or walk 3 years after the La Réunion epidemic (53).
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1.1.6 Alphavirus infection in Aedes spp. mosquitoes

CHIKV is known to infect a range of Aedesspp. mosquitoes across the sylvatic

and urban transmission cycles. Aedesspp. mosquitoes are the biological vector

for CHIKV and infection is typically asymptomatic and lifelong, in contrast

to the acute pathogenic infection associated with humans. A female mosquito

ingests CHIKV during a bloodmeal on an infected host and the midgut epithelial

cells are the primary location for CHIKV replication (54). The virus passes

through the basal lamina from the midgut into the haemolymph, where it is

able to disseminate to other organs in the mosquito through circulation in the

haemocoel. Replication of CHIKV in the salivary glands is essential for successful

transmission to näıve hosts during a bloodmeal. It was generally thought that

alphavirus infection in mosquitoes was benign. However, there have been studies

performed that demonstrate the importance of the mosquito siRNA response in

reducing viral infection and dissemination in mosquitoes (55, 56). This allows

for both the virus and mosquito to survive for long enough for further viral

transmission (57).

1.1.7 Therapeutics and preventative measures against

CHIKV

Whilst there are currently no licensed vaccines or antiviral therapeutics against

CHIKV there have been several candidates progressed through to Phase 3 clinical

trials with promising results so far. There has been a vaccine developed by a

team in the USA which is a CHIKV virus-like particle (VLP). The VLPs were

generated in mammalian cells and contain the structural proteins but do not

contain the CHIKV genome or replication machinery. This novel vaccine has

been tested in Phase 1 and Phase 2 trials, where it has been successfully shown

that vaccine is safe in humans and able to elicit an immune response against

CHIKV that was still present 72 weeks after the vaccine administration (58).

In March 2022 the company Valneva announced the success of the Phase 3

13



CHAPTER 1. INTRODUCTION

trial of their CHIKV vaccine (59). The vaccine is a live-attenuated, single shot

vaccine, which was generated through the deletion of a 60 aa region in the nsP3

hypervariable domain (Prof Andres Merits, personal communication). The trial

involved over 4,000 participants, aged 18 years and above, across USA, with

96.3% of participants maintaining CHIKV neutralising antibodies 6 months post

vaccination. Valneva are now working towards gaining full approval from the U.S

Food and Drug Administration to allow for the vaccine to become fully licensed

and available.

Whilst waiting for the Valneva vaccine to become fully licensed, the best preventive

measure against CHIKV infection is to try and limit individuals being fed on

by infected mosquitoes. This can be done through efforts to control mosquito

populations, such as reducing the number of habitats that allow for breeding

of mosquitoes (whether they are natural or artificial). This is dependent on

communities working together to empty and clean water containers on a regular

basis, but if sustained this is an effective way at reducing the mosquito vector

population. Health authorities can also be involved in using insecticides to kill

mosquitoes and their larvae if there is a known outbreak. Individuals can also

apply mosquito repellents and sleep under mosquito nets to avoid mosquito bites.

The rapid introduction of measures to control the Ae. albopictuspopulation in

Italy and France was successful in limiting the spread of CHIKV during the 2007

and 2010 outbreaks (24, 25).

1.2 CHIKV Molecular Biology

1.2.1 CHIKV Virion Structure

CHIKV is a small, enveloped, single-stranded, positive-sense RNA virus, ap-

proximately 60-70 nm in diameter. The alphavirus virion is composed of three,

concentric layers; the genome is surrounded by 240 copies of the nucleocapsid

core protein which are arranged as an icosahedral, a host-derived phospholipid

membrane and the glycoprotein heterodimers which form 80 trimers (figure 1.5A).
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The core proteins and glycoproteins form a T = 4 symmetrical lattice, which is

unique to alphaviruses (60).

Figure 1.5: Alphavirus virion structure
A A cutaway isosurface representation of the alphavirus virion structure, determined

by cryo-EM and 3D reconstruction. The nucleocapsid core is highlighted in yellow,

the host derived lipid bylayer is highlighted in green, and the glycoprotein spikes are

highlighted blue. B An isolated view of the trimeric spikes formed by heterodimers of

E1 and E2. Two heterodimers are displayed in grey, and one is shown as an atomic

trace (E1 in green and E2 in red). OM denotes outer membrane, IM denotes inner

membrane and NC denotes nucleocapsid. Figure adapted from Button et al, 2020 (60).

The E2 glycoprotein contains a cytoplasmic domain that has been shown to

be embedded in the lipid bilayer and interacts with the core protein (figure

1.5B). Early structures of the alphavirus virion (using SINV and SFV as models)

suggested that there is one-to-one pairing between the 240 capsid and E2 proteins,

helping to facilitate in the symmetry between the two layers (61, 62). It is of

note however, that more recent publications have shown that the core protein is

not essential for the assembly and egress of infectious CHIKV particles, creating

a viable and potential live-attenuated vaccine (63).

1.2.2 CHIKV Genome Organisation

The CHIKV genome is approximately 11.8 kb in length, consisting of a 50and

30 untranslated region (UTR) flanking 2 open-reading frames (ORF) that are

separated by an intergenic UTR (figure 1.6). The importance of the UTRs are

discussed in detail in sections 1.3.5.1 and 1.3.5.3. The genome has a 50 type-0
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7-methylguanosine cap and is polyadenylated at the 30 end, similarly to host

mRNA. The first ORF encodes the non-structural proteins 1-4 (nsP1-4) and is

translated from the full-length genomic RNA strand (49S). ORF-2 encodes the

structural proteins (capsid, E1-3 and 6K) and is translated from a sub-genomic

mRNA (26S).

Figure 1.6: CHIKV genome schematic
The CHIKV genome is 11.8 kb. There are two ORF; ORF-1 encodes the non structural

proteins. ORF-2 encodes the structural proteins. There are three untranslated region

(at the 50 and 30 ends and between ORF-1 and 2).

1.2.3 Function of non-structural proteins

1.2.3.1 nsP1

The functions of CHIKV nsP1 are discussed in detail in section 3.1.1. Briefly,

nsP1 is a 58 kDa protein whose primary function is the addition of the 50cap onto

nascent CHIKV genomic RNA (49S and 26S) (64, 65). This function is essential

to ensure efficient and successful viral RNA translation. Importantly, the capping

mechanism of alphavirus nsP1 is different to that of the host pathway. There is a
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membrane binding domain within nsP1, that is conserved across the alphavirus

genus, which is important in the anchoring of the replication complex to the

plasma membrane, forming spherules where RNA replication occurs (66–69).

nsP1 also contains a palmitoylation site that has been shown to be important in

the formation of filopodial extensions in both mosquito and mammalian cells (70,

71). Finally, there have been studies performed that underline the importance

of interactions between nsP1 and nsP4 for efficient negative strand synthesis

(72). Following the submission of this thesis Tan et al., reported the molecular

architecture of the replicase complex and the interactions between nsP1, nsP2

and nsP4 (73).

1.2.3.2 nsP2

nsP2 is the largest of the four non-structural proteins (� 90 kDa) and has multiple

roles across the CHIKV replication cycle. There are 3 well characterised domains

and 2 putative domains within nsP2: the two putative domains are located at

the N-terminus, followed by the NTPase (nucleoside triphosphatase) domain, the

protease domain and an MTase (methyltransferase) like domain at the C-terminus.

It is believed that this MTase like domain does not exhibit enzymatic activity

due to the lack of residues associated with traditional MTase enzymatic activity

(74).

There are three catalytic activities performed by nsP2. The helicase activity

of nsP2 was initially determined through bioinformatics analysis (75) and later

confirmed through mutational and recombinant approaches (76). The helicase

activity of nsP2 is dependent on the NTPase domain and nsP4. Rikkonen et al.,

introduced mutations into the NTPase Walker A motif and noted a reduction in

both NTPase and helicase activity (77). More recent studies have demonstrated

that full length CHIKV nsP2 is essential for 50 - 30 helicase activity, NTPase

activity and RNA rewinding, with reduction in activity observed when both

the N- and C-terminal are truncated (78). During the addition of the 50 cap

on nascent RNA, the NTPase domain of nsP2 is responsible for the removal of

g-phosphate from 50RNA to produce diphosphate-RNA, which can then be used
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as a substrate for the addition of a 50m7-cap by nsP1 (figure 3.1).

The third catalytic function of nsP2 is the cleavage of the nsP1234 polyprotein

by the C-terminal protease domain (79, 80). This process is essential for the

production of individual non-structural proteins and replication of alphaviruses

genome. Multiple studies of SINV and SFV nsP2 have demonstrated the ability of

the protein to cleave the polyprotein both in cis and in trans, and it is proposed

that the favouring between cis and trans cleavage provides temporal control

to different stages of the virus life cycle (74). Generally, cis cleavage of the

nsP1234 polyprotein occurs during early stages of replication when there is a

low concentration of non-structural proteins. As the concentration of protease

increases over time, trans cleavage is favoured (81). The preference of the protease

to cleave the polyprotein alters between the different protein junctions in such

a way to facilitate the preferential cis cleavage between nsP3 and nsP4 first, in

order to create the nsP123+nsP4 early replication complex (82). For example, if

the polyprotein contains nsP1 the protease activity between the nsP2/3 junction

is poor (79). The increased concentration of protease that is noted during later

stages of replication is associated with favoured trans cleavage of the nsP2/3

junction (83). Therefore, in the later stages of replication the polyprotein is

observed to be cleaved in to P12 and P34.

Furthermore, in addition to the catalytic activity of nsP2 there is evidence to

suggest that the protein is important in the transcription of sub-genomic RNA,

through binding to the sub-genomic promoter and acting as a transcription factor

(74). There is a temperature sensitive mutant that is associated with reduced sub-

genomic RNA synthesis activity, and further investigation of this mutant mapped

it to nsP2, suggesting that this protein is involved in 26S RNA synthesis (84). It

is of note that direct binding between nsP2 and the sub-genomic promoter has

not been demonstrated, and it is known that the temperature sensitive mutant

reduces nsP2 protease activity. It is therefore possible that the reduction in

sub-genomic RNA synthesis was due to a knock-on effect of the reduced cleavage

into individual non-structural proteins. However, reduction in sub-genomic RNA

was still observed, even after the complete cleavage and assembly of the replicase

complex (85).
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1.2.3.3 nsP3

nsP3 is a � 60 kDa protein with three distinct domains: the macrodomain (at

the N terminal), the hypervariable domain (at the C terminal) and the alphavirus

unique domain (AUD, in the center). nsP3 is critical for the efficient replication

of alphaviruses within mammalian and mosquito cells and has been associated

with a variety of activities/roles, but the specific function of the protein is yet to

be fully characterised.

The hypervariable domain is hyperphosphorylated and involved in multiple host

cell interactions. Fros et al., reported that CHIKV nsP3 interacts with the host

G3BP protein (mammalian) and rasputin (mosquito) to prevent assembly of

stress granules during viral infection (86, 87); suggesting a role for nsP3 in the

regulation of the host cellular stress response following infection. Later studies

determined that depletion of host G3BP proteins severely reduced negative strand

synthesis of CHIKV (88). Interactions between nsP3 and Hsp90 have been shown

to be important for CHIKV replication, and knockdown of Hsp90 resulted in

reduced inflammation in mice (89). These various interactions underline the

understanding that the hypervariable domain plays a part in the permissivity of

cells to CHIKV.

The AUD is homologous across the alphaviruses and contains a highly conserved

zinc binding region of 4 cysteines. Mutagenesis of this area has shown the

importance of nsP3 in early stages of the virus lifecycle (83). Another study

introduced mutations throughout the AUD and highlighted the importance of

nsP3 in the transcription of sub-genomic RNA, with downstream negative effects

in the translation of the structural proteins and virus assembly (90).

The macrodomain is conserved across the alphaviruses and is known to contain a

binding pocket for ADP-ribose. ADP-ribosylation is a reversible post-translational

modification that is important across a variety of cellular mechanisms/processes

and modification of enzymes can inactivate them. Cellular proteins modify nsP2

by mono-ADP-ribosylation, which inhibits the protease activity of the protein,

and therefore ablates virus replication through the lack of mature non-structural

19



CHAPTER 1. INTRODUCTION

proteins. Krieg et al. reported that the macrodomain of nsP3 is able to hydrolyse

and remove the ADP-ribose on modified nsP2 to ensure that correct polyprotein

processing occurs (91). This suggests that nsP3 may have an important role in

evading the host immune response, however it is important for further studies to

be performed to gain a deeper understanding about this relationship. Finally,

correct folding and structure of the alphavirus nsP3 domain has been shown to be

vital for specific cleavage of the 2/3 site in the non-structural polyprotein (92).

1.2.3.4 nsP4

nsP4 is the RNA-dependent-RNA-polymerase (RdRp) and is therefore responsible

for the synthesis of nascent negative- and positive-sense viral RNA (both full-

length and sub-genomic). It is the second biggest non-structural protein at

� 70 kDa and � 600 aa in length. The first 100 aa are unique to alphaviruses,

with suspected roles in polyadenylation (although this process is still not fully

understood) (93) and interactions with the other non-structural proteins. The

remaining 500 aa contain the typical fingers, palm and thumb domains seen

in RdRps. The active site is characterised by a GDD motif within the palm

domain (74) and replicase activity can be abolished by introducing mutations

(such as GAA) at this site. The amino acid residues involved with binding of the

sub-genomic promoter and genomic promoter have been identified (331 - 332 and

531 - 538 respectively) and mutations at these residues inhibit nsP4-promoter

binding (94).

Purified recombinant nsP4 requires the presence of the other non-structural

proteins, so whilst nsP4 is solely responsible for RNA synthesis, the whole

replication complex is important in the synthesis of nascent RNA. The unique

region at the N-terminal of nsP4 is predicted to be disordered and important in

the interactions with the other three non-structural proteins. Mutations were

introduced across this region in SINV which reduced overall levels of viral RNA

synthesis. Following infection and passaging with the mutant nsP4, the genome

was analysed for any compensatory mutations and all 3 non-structural proteins

contained mutants that restored viral RNA synthesis (95, 96), strongly suggesting
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that the N-terminal of nsP4 regulates protein interactions within the replication

complex.

1.2.4 Alphavirus replication

Figure 1.7: Alphavirus replication in mammalian cells
CHIKV binds to receptors on the host cell surface and the virus enters the cell through

endocytosis. Within the endosome, the viral and host membranes fuse allowing the

release of the nucleocapsid into the cytoplasm, where it dissembles and the genome is

released. The non-structural proteins are translated and then a autoproteolytic cleavage

event of nsP4 allows for the formation of the early replication complex (nsP4+nsP123).

Negative-sense RNA is synthesised and is subsequently used as a template for replication

of the positive-strand RNA and the sub-genomic (26S) RNA. The structural proteins

are translated from the sub-genomic RNA into a polyprotein and autoproteolysis

itself to release the capsid protein. The pE2+6K+E1 polyprotein enters the rough

endoplasmic reticulum (RER) and ultimately the Golgi for post-translational processing

and maturation. The capsid protein and newly synthesised RNA interact with each

other to form the nucleocapsid, which is transported to the plasma membrane where it

interacts with the mature glycoproteins. Budding of the host cell membrane occurs,

allowing for release of mature virions (27).

21



CHAPTER 1. INTRODUCTION

1.2.4.1 Cell entry

There have been several different receptors and attachment factors associated

with the alphaviruses over the years (97). Heparan sulphate, C-type lectins and

phosphatidylserine have been suggested as alphavirus attachment factors; they

are involved with the initial contact the virus makes with the cell prior to the virus

interacting directly with the cell receptor to enter the host cell. An attachment

factor is not classified as a cell receptor as it does not incite internalisation of the

virus and an antibody can not be used to prevent the virus-receptor binding to

inhibit infection.

The mammalian matrix remodelling associated protein (Mxra8) has been identified

as a putative receptor for CHIKV through CRISPR-Cas9 screening experiments

(98). This receptor was also associated with other arthritogenic alphaviruses

such as ONNV, RRV and MAYV and is typically found on the surface of cells

that are infected by these viruses (i.e. myeloid, epithelial and mesenchymal cells).

Gene editing was carried out on mouse and human cells to deplete expression

of Mxra8 on the cell surface and as a result a decrease in viral infection was

observed, alternately, when the protein was ectopically expressed, viral infection

increased. Further confirmation was achieved through structural imaging of

Mxra8 in complex with the CHIKV virion (99) and the E1/E2 glyocoproteins

(100). It is of note that Zhang et al., still observed low levels of CHIKV infection

in cells that lacked the Mxra8 protein, suggesting that there is a co-receptor that

is associated with alphavirus fusion and cell entry (98).

Two other receptors have been proposed for CHIKV cell fusion and entry in

mammalian cells; prohibitin-1 (PHB1) (101) and CD147 (102). Initial proteomics

analysis identified PHB1 as a potential receptor for CHIKV. The CHIKV-PHB1

interaction was supported through co-localisation at the plasma membrane by

immunofluorescence microscopy, reduction of viral infection following treatment

of cells with anti-PHB1 antibody and decreased viral infection when the PHB1

gene was silenced by siRNA. Secondly, a recent study reported significantly

reduced viral infection levels in knockdown cell lines not expressing CD147, which

could be recovered through re-introduction of CD147 recovered infection levels.
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Interestingly, CD147 shares a similar tertiary structure with Mxra8, despite no

amino acid sequence homology between them. This proposes that CHIKV does

not bind to a specific protein, but rather to a specific structure, to mediate virus

fusion and cell entry. This supports the potential for a co-receptor as mentioned

above.

The discussed receptors are not present on mosquito cells and instead the ATP

synthase b subunit (ATPSb) has been characterised as a receptor for CHIKV

entry into mosquito cells (103). Similarly to PHB1 and CD147, ATPSb was

initially identified as a receptor for CHIKV through proteomics analysis, and

confirmed through the observation of reduced viral infection following treatment

of cells with anti-ATPSb antibody and siRNA knockdown of ATPSb in cells.

1.2.4.2 Uncoating and genome release

It is widely accepted that alphaviruses utilises clathrin-mediated endocytosis

(CME) for cellular entry (104). Lee et al., were able to visualise CHIKV within

invaginations on the plasma membrane of mosquito cells, that resembled clathrin-

coated vesicles (105). They went on to report a significant reduction in virus entry

following inhibition of CME by a variety of different inhibitors and treatment

of C6/36 (Ae. albopictus) cells with siRNA targeting clathrin. A genome wide

siRNA screen further demonstrated the importance of the clathrin-dependent

pathway for internalisation of alphaviruses in human cells (106). In addition,

live tracking of single CHIKV virions demonstrated that CHIKV enters the cells

through CME (107). However, there are also studies suggesting that a clathrin-

independent mechanism is used for alphavirus entry. There was no observed

effect on CHIKV infection in HEK293T cells following treatment with siRNA

against clathrin heavy chains (108), and instead the importance of Eps15 was

reported. It is of note however, that Eps15 is associated with both clathrin-

dependent and clathrin-independent endocytosis. The majority of research points

towards a clathrin-dependent pathway for CHIKV entry, but the possibility of a

clathrin-independent mechanism should not be ignored.

Regardless of the pathway used, the reduction of pH is essential for nucleocapsid
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release into the cytoplasm. The acidification of the endosome causes the het-

erodimer of E1-E2 to dissociate and a conformational change within E1, exposing

the fusion loop. This allows for fusion between the endosomal membrane and

viral envelope to fuse together and the nucleocapsid is released into the cyto-

plasm. The pH required for fusion differs across the alphaviruses, for example

it is understood that SFV fusion occurs in early endosomes (pH 6.2) whereas

SINV requires a lower pH (pH 5.6) which is typical to that of the late endosome

(104). There is also contradictory evidence for the importance of early and late

endosomes for CHIKV fusion and nucleocapsid release through knockdown of the

Rab5 (early) and Rab7 (late) endosomal proteins. Bernard et al., (2010) reported

that Rab5, and not Rab7, was important for CHIKV entry in mammalian cells

suggesting that fusion occurs in the early endosomes. Alternately, Lee et al.,

reported the importance for both Rab5 and Rab7 for CHIKV entry into mosquito

cells, concluding that trafficking of CHIKV through early to late endosomes is

required for efficient CHIKV entry (105).

1.2.4.3 Genome replication

Host ribosomes are known to interact with the capsid proteins to initiate nucleo-

capsid uncoating and release of the viral genome into the cytoplasm (109, 110).

More recent studies have highlighted the importance of interactions between

the viral RNA and capsid protein for efficient initial translation through direct

interactions of the ribosome:RNA:capsid complex (111). The non-structural

proteins are immediately translated as a polyprotein (nsP1234) from the released

viral RNA . There is an opal stop codon in nsP3 in the majority of CHIKV strains

and termination codon readthrough (TCR) of this alters the translation of nsP123

or full length nsP1234 (112). The translation of the full-length polyprotein is less

frequent than nsP123, resulting in a reduced concentration of nsP4 in comparison

to the other non-structural proteins.

The nsP1234 polyprotein undergoes auto-proteolytic cleavage by nsP2 to release

nsP4, forming the early-replication complex nsP123 + nsP4. The early replication

complex is anchored to the host membrane by nsP1, resulting in the formation of
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spherules (113). Synthesis of the full-length negative sense RNA intermediate

occurs within these spherules. Interactions between nsP4 and the other non-

structural proteins is essential for negative strand synthesis (95). It has been

demonstrated that the early replication complex is also capable of positive sense

RNA synthesis in CHIKV (114).

The cleavage of nsP123 into individual proteins marks the change from synthesis

of negative-sense RNA to positive-sense RNA (96, 115). All four non-structural

proteins interact with one another to form the late replication complex responsible

for synthesis of the genomic (49S) and sub-genomic (26S) positive-sense RNA. The

minus strand molecule acts as the template for both full-length, and sub-genomic

RNA synthesis and it is of note that the 26S RNA is synthesised in excess of the

49S, suggesting that synthesis of the structural proteins is favoured (74).

1.2.4.4 Structural protein synthesis

The structural polyprotein is translated from the sub-genomic RNA and then

auto-proteolytically cleaved to release the capsid protein from the pE2-6K-E1

polyprotein (116). The capsid protein is immediately used for encapsidation of

nascently transcribed 49S genomic RNA (117). A signal sequence in E3 results

in the translocation of the polyprotein to the endoplasmic reticulum, where host

signalases cleave at both the N- and C-terminus of 6K to release pE2, 6K and E1

(117). pE2 and E1 form heterotrimers within the Golgi complex, and formation

of these is essential for correct folding (118). These heterotrimers form premature

viral “spikes” which are further modified in the trans-Golgi system, whereby pE2

is cleaved by host-derived furin into the mature E2 and E3 glycoproteins (119).

1.2.4.5 Virus assembly and egress

The glycoproteins are transported to the plasma membrane via the secretory path-

way, where the mature E2 and E1 heterodimers are inserted into the membrane.

The capsid protein interacts with nascent genomic RNA to form the nucleocapsid,

which is also trafficked to the plasma membrane. The capsid protein interacts with
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the phosphorylated tail of E1 to form a complete virus particle. In mammalian

cells, newly formed virus particles bud from the plasma membrane. Alternately,

in mosquito cells budding also occurs in the lumen of cytopathic vacuoles (120).

The E3 glycoprotein is associated with immature virions and is released following

egress of the virion from the host cell and is hence found in the extracellular fluid

but not in purified virus particles (121). Interestingly, alphaviruses have been

shown to infect näıve cells via direct transport of virions from infected cells. This

is believed to aid in the development of persistent infections due to the bypassing

of extracellular medium during virus dissemination (120, 122).

1.3 RNA structures

1.3.1 Formation of RNA structures

Unlike DNA which is synthesised as two strands to form a double helix, RNA

is synthesised as a single stranded molecule. This allows for the formation of

base pairs between nucleotides to generate a multitude of possible structures.

Similarly to protein, the folding of RNA is hierarchical and is determined by

1) secondary: base pairing between complementary sequences and 2) tertiary:

interactions between long-range and distant sequences. Base pairing of RNA

can occur with the typical Watson-Crick pairing (A-U, G-C), as well as non

Watson-Crick pairing. The most common non Watson-Crick base pairing is G-U,

often referred to as a wobble base pair, and is frequently observed in functional

RNA across all three phylogenic domains demonstrating their importance across

all aspects of life (123).

One of the most prevalent secondary structures within RNA is a stem loop (also

referred to as a hairpin loop). A stem loop forms when the single-stranded RNA

folds back on itself, creating a double-stranded stem which usually has a loop

of varying size at its apex (figure 1.8) (124). Bulges occur when one or more

nucleotides (on either one strand, or both) are un-paired resulting in a break

within the double-stranded stem, which then reforms again after the bulge. A
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multi-branch hairpin structure can occur when a stem loop starts from a bulge,

resulting in the possibility of a wide variety of complex secondary structures.

Long-range interactions can occur between complementary sequences at the 50

and 30 ends of RNA, resulting in circularisation of the RNA.

Figure 1.8: Schematic representation of RNA structures
Secondary structure shown as a stem loop, with single-stranded bulge and terminal

loop. Tertiary structure shown as a pseudoknot with base pairing occuring from either

the bulge, or terminal loop.

The presence of tertiary structures increase the complexity of RNA structures.

Interactions can occur between two double-stranded helix regions, distant single-

stranded sequences or a double-stranded helix and single-stranded sequence.

Psuedoknots are formed when the exposed nucleotides in a stemloop interact

with a complementary sequence elsewhere in the genome (as shown in figure

1.8), and these interactions can occur in either a 50or 30direction. Pseudoknots

are known to be vital components of RNA structure and a key aspect in many

cellular functions, such as regulation of gene expression (125). The combination

of different secondary and tertiary structures allows a long RNA strand to form

a small, compact molecule. Examples of these are discussed in more detail in

section 1.3.4.

1.3.2 Predicting and visualising RNA structures

There are a wide variety of techniques that can be used to predict or visualise

RNA structures. Initial analysis of RNA secondary structures can be performed

through computational analysis, using the RNA sequence alone. The algorithms
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are able to determine which nucleotide base pairings require the lowest amount of

energy to occur (and therefore the most energy favourable) to generate minimum

free energy models. These algorithms are limited as they require very little input

information and is therefore unable to take into account external factors such as

RNA:RNA interactions, and protein:RNA interactions, and cellular conditions

(e.g. temperature, salt concentrations and pH levels). It is therefore important to

use them alongside biochemical or structural mapping approaches.

Biochemical analysis is commonly used and provides the ability to closely examine

interactions between individual nucleotides and model potential RNA secondary

structures. This analysis can be performed on in-vitro transcribed RNA or in-vivo

cellular RNA. Initial methods involved radiolabelling non base-paired nucleotides

whereas more modern techniques utilise chemical probes or nuclease activity.

Parallel analysis of RNA structure (PARS) utilises two nucleases; V1 RNase

(preferentially cleaves the phosphate RNA backbone of double-stranded RNA)

and S1 RNase (preferentially cleaves single stranded RNA) (126). The cleaved

RNA is reverse transcribed to generate a cDNA library, which is then analysed

by Next Generation Sequencing (NGS).

An alternative method is selective 20hydroxyl acetylation analysed by primer

extension (SHAPE), which involves the incorporation of a chemical probe. There

are a multitude of probes that can be used, such as NMIA, DMS or 1M7, which all

preferentially react with the 20-hydroxyl groups of flexible (unpaired) nucleotides,

forming a 20-O-adduct. Similarly to PARS, the RNA is subjected to reverse

transcription to generate a cDNA library which can then be analysed through

NGS or capillary electrophoresis. A more in-depth description of this method is

provided in section 4.2.1.

Techniques to determine RNA tertiary structures at an atomic resolution include

crystallography, nuclear magnetic resolution (NMR), and cryo-EM. NMR is more

easily performed on small sequences and as such, the majority of RNA structures

uploaded onto the protein data bank (PDB) resolved through NMR are 20-50 nts

(127). X-ray crystallography is more commonly used to visualise larger RNA

structures but the flexibility of RNA structures mean that they can be difficult
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to crystallise. Recent advances in image processing algorithms have led to a large

increase in the number of structures resolved through cryo-EM (128). However,

cryo-EM is mainly applied to the determine protein-RNA complexes, and there

are only a handful of RNA only structures uploaded to the PDB. As with X-ray

crystallography, the high flexibility of RNA structures is one of the main challenges

when trying to obtain a high-resolution of RNA through cryo-EM. Furthermore,

molecules smaller than 50 kDa are difficult to image through cryo-EM but recent

breakthroughs in technology have led to the resolution of RNA structures below

40 kDa (� 119 nts) (129).

1.3.3 Importance of RNA structures

It was originally thought that RNA was merely an intermediary between genomic

DNA and protein synthesis. It is now broadly understood that RNA is important

in many aspects of cellular biology, such as translation regulation, splicing and

localisation. The majority of RNA generated within a cell does not encode for

protein, and is referred to as non-coding RNA (ncRNA). These ncRNAs are

classified into groups roughly depending on their size, short ncRNAs are < 200 nts,

and long ncRNAs (lncRNA) are > 200 nts. The dysregulation of lncRNAs has

downstream effects on cellular functions, such as cell proliferation and evasion of

apoptosis. Inevitably either the up- or down-regulation of lncRNAs have been

associated with an array of cancers (prostate, lung, liver and breast cancer) (130).

Despite the association with multiple cellular functions and cancer progression,

lncRNAs remain to be largely uncharacterised, and in particular the understanding

of lncRNA structure is limited. There is a low cellular expression level of lncRNAs

in comparison to other RNAs, making it difficult to obtain a sufficient quantity

of material for structural analysis (131). The primary sequence of lncRNAs

displays a large amount of diversity (132). Interestingly, despite diversity in the

primary sequence the secondary and tertiary structures are often highly conserved.

The conservation of structures regardless of sequence diversity is likely achieved

through the integration of compensatory mutations elsewhere in the genome

(132). This phenomenon is less likely to occur within protein-coding regions
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as the primary nucleotide sequence is important for the ultimate amino acid

sequence in the protein. A combination of chemical and enzymatic techniques

were utilised to determine the structure for the full length steroid receptor

RNA activator (SRA) lncRNA (870 nts) (133). Studies have demonstrated

that SRA directly binds to nuclear receptor coactivator proteins, RNA helicases

and two pseudouridylases (Pus1p and Pus3p) (134), which supports studies

demonstrating SRA roles in nuclear co-activation of hormone-related pathways

(including the oestrogen receptor) (135, 136). Mutations were introduced to

disrupt the secondary structures and a reduction in SRA activity by 40% was

reported, supporting the hypothesis that the structure of lncRNAs are important

in their function and interactions with cellular proteins (133).

As well as ncRNAs, the presence of structures in the UTRs of mRNA (at both

the 50 and 30) are crucial for the regulation of protein expression (137, 138).

Translation is initiated at the 50 end of mRNA, and mRNAs with long UTRs

require the ribosome to scan along the UTR until it finds the translation initiation

site (139). The presence of structures within the 50UTR can inhibit the entry of

the 43S preinitiation complex. The iron response element (IRE) has been well

studied and comprises a 30 nt stem loop in the 50UTR of mRNAs involved with

the transport/storage of iron. In low iron conditions, the IRE structure is bound

to iron-regulator proteins (140), this interaction inhibits the binding of the 43S

complex and therefore inhibits translation. When iron levels are increased, the

proteins no longer bind to the RNA and translation is effectively initiated to

allow for increased synthesis of proteins to transport/store iron (141).

Finally, structures within the 30are understood to be important for RNA stability.

b-Thalassemia is caused by a mutation of the stop codon in the b-globin gene,

reducing haemoglobin expression. Due to this mutation, the ribosome continues

into the 30UTR and ‘masks’ the RNA secondary structures that would usually

aid in mRNA stability. With these structures ‘masked’, the mRNA is no longer

stable and is degraded, therefore decreasing the synthesis and levels of b-globin,

causing the onset of disease symptoms (142).
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1.3.4 Importance of viral RNA structures

As well as cellular mRNA UTRs being highly structured, it has long been

understood that viral RNAs also possess UTRs that are structure rich. As with

cellular mRNAs (143), the UTRs of viral RNAs can vary considerably in size,

ranging from a few nucleotides to > 1kb in length (144, 145). One of the best

studied viral UTR is that of human immunodeficiency virus-1 (HIV-1), which has

a highly structured 50UTR. One structure in particular is referred to as TAR

and interacts with both viral and host proteins, the introduction of mutations in

this region severely inhibit the translation and synthesis of HIV-1 proteins (146).

There are some viruses which do not have a 50 cap structure added post RNA

transcription, which makes them more susceptible to 50endonuclease degradation

by host proteins. The 50cap structure is also crucial for the initiation of translation.

The host protein eIF4E recognises and binds to the 50cap (147) and signals for the

recruitment of the other eukaryotic translation machinery to the mRNA molecule

to ultimately allow ribosome scanning and translation (148, 149). Uncapped

viruses can clearly not initiate translation through this mechanism and therefore

initiate translation in a cap-independent manner. There is a collection of highly

structured RNA stem loops in viral 50 UTRs (figure 1.3.4A) which were first

observed in the Picornoviridae family, known as internal ribosome entry sites

(IRES), and interestingly they have recently been discovered in cellular mRNAs

(150), conflicting the understanding that all cellular mRNAs are capped (151,

152). The IRES element in poliovirus was discovered to recruit the ribosomal

40S subunit with a reduced set of eIFs (153), and disregarded the requirement of

eIF4E for cap recognition, and translation initiation. This discovery led to the

understanding that many uncapped RNA viruses are able to gain a competitive

advantage over the host cell and translation is favoured of viral proteins, rather

than host proteins, and allows viruses evade host translational shut-off. It is

of note that not every IRES is the same and they are known to differ in their

sequence and secondary structure, with differing numbers of stem loops. It is

not surprising that the differing structures also mean that different host cell

interactions are observed between the IRES types and some interact directly
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with the 40S ribosome subunit, whilst others require the involvement of eIFs for

recruitment of the 40S ribosome subunit (148, 152).

RNA structures are also known to be integral in the packaging of viral genomes

into virus particles, even more so in segmented viruses where it is imperative

that the correct assortment of genomes are packaged. The packaging signal,Y,

in HIV-1 has been well studied and consists of four stem loops. The 155 nt long

region is known to act independently for genome packaging and is thereby able

to direct the packaging of reporter genes (e.g. GFP-RNA) into VLPs (154). The

structure of Y was determined by NMR and revealed that there is a tandem

three-way junction between the stem loops in which long-range interactions result

in the sequestering of the splice donor and translation initiation sequences (155)

(�gure 1.9B). Furthermore, the exposed guanosines in this region bind to the

HIV-1 Gag protein with high a�nity ( 155, 156), and when this interaction is

inhibited there is a reduction in viral genome packaging (157). These studies

demonstrate how RNA structures can be used as direct targets for anti-viral

therapeutics.
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Figure 1.9: Examples of viral RNA structures important for
replication
A Poliovirus IRES site highlight in purple ( 158). B HIV-1 Y structure involved with
correct genome packaging (159). C Long-range interactions between the 50 and 30

regions for DENV genome circularisation (160).

Kissing loop interactions are another important structure within the viral lifecycle,

and these interactions can direct circularisation of the genome through interactions

at the 50 and 30 ends. These interactions are known to be important in the

circularisation of DENV. The interactions between complementary sequences in

the 50 and 30 termini stabilise the circularised RNA molecule and are essential

for DENV replication. There are three distinguished sequences known to be

important in DENV genome circularisation (upstream of AUG region (AUR),

downstream of AUG region (DAR) and cyclisation sequence (CS)) (�gure 1.9C).

The DENV RdRp is known to bind to SLA in the 50 UTR and is translocated

to the 30 end to initiate negative strand synthesis (161, 162). An ablation of

genome replication was reported following the introduction of mutations that

would prevent the circularisation of the DENV genome (163), suggesting that the

circularised RNA is critical for RNA replication. However, mutants that actually
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stabilised the circular genome, rather than linear RNA, resulted in a reduction of

overall DENV replication, suggesting that the linear RNA form is also important

in the DENV cellular lifecycle (164). A more recent study has con�rmed the

importance of both the circular and linear RNA forms in 
avivirus replication,

and that each form has its own de�ned role (RNA replication and translation,

respectively) (160).

1.3.5 Alphavirus RNA structures

There are a variety of di�erent RNA structures across the alphavirus genome

that are associated with functions during the virus cellular lifecycle, including

packaging (165), regulation of translation (166, 167), replication regulation

(168{ 170) and evasion of the innate immune response (171, 172). The following

sections will discuss the importance of RNA structures in context to the alphavirus

cellular lifecycle. A large amount of research was performed on other viruses

from the genus (e.g. SINV, VEEV, SFV), so much of what is discussed below is

also assumed to correspond to CHIKV given the close nucleotide homologies and

genome organisation.

Two individual studies determining the RNA secondary structure of the CHIKV

50 region (50 UTR + adjacent upstream region of ORF-1) were published since

the project began in 2018 (173, 174) (�gure 1.10). These are discussed in further

detail in section 4.1. Brie
y, Kendall et al. utilised biochemical SHAPE mapping

to produce an RNA secondary structure map of the 50 � 330 nts and determined

the importance of the novel stem loops in CHIKV genomic replication through a

reverse genetics approach. Madden et al. used SHAPE and mutational pro�ling

(SHAPE-MaP) to model RNA structures across the entire CHIKV genome and

present 23 highly speci�c structured regions. They also introduced a range of

mutations across the 50 CSE in order to determine the importance of stem loops

in this region for e�cient CHIKV genome replication. It is of note that this study

did not include analysis of compensatory mutations to validate their predicted

structures.
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Figure 1.10: SHAPE-constrained thermodynamic folding prediction of
the CHIKV 5 0 region
A The nsP1 start codon is highlighted by a grey arrow. SHAPE reactivities shown as a
heat map. PK denotes a potential pseudoknot, with the dotted lines represent putative
base-pairing. Pink line denotes the 50 CSE (nts 165 - 216). Adapted from (173). B
SHAPE-MaP informed secondary structure model of the 50 region from nt 70 - 190.
The nsP1 start codon is highlighted in a black box. Nucleotide colour corresponds to
SHAPE reactivity scale. Pink line denotes the 50 CSE (nts 165 - 216). Adapted from
(174). 35
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1.3.5.1 Alphavirus 5 0 UTR

The length of the 50 UTR varies greatly across thealphavirus genus, with SAV

having the shortest (27 nts) and SFV having the longest (85 nts). The CHIKV 50

UTR is 76 nts in length. All the alphavirus genomes have a AU dinucleotide at the

50 end, followed by a stem loop, referred to as SL3 for CHIKV (and throughout

this thesis) but is known as SL1 in other alphaviruses. Despite the fact the

presence of a stem loop is observed in this region of the 50 UTR, the sequence

and structure is not conserved between species. The SINV SL3 has an exposed

11 nt bulge-loop on the 30 side of the double-stranded stem that is not present

in other alphaviruses (175). This stem loop functions as part of the promoter

during negative strand synthesis and the complement of this region in the 30UTR

acts as a promoter for positive strand genomic RNA synthesis (176{ 178).

The CHIKV genome includes a type-0 cap structure at the 50 end allowing for

cap-dependent translation initiation. This cap is recognised by interferon-induced

protein with tetratricopeptide repeats 1 (IFIT-1) due to a lack of methylation

at the 20-O which is seen in the eukaryotic type-1 caps (�gure 1.11). Although

the mechanism of this is not yet fully understood, IFIT-1 inhibits viral RNA

translation (179). Interactions were observed between IFIT-1 and viral RNA

when mutations were introduced in SL3, resulting in an overall a lack of virus

recovered following infection of cells (172, 180). Compensatory mutants were

discovered following passaging of the SL3 mutant virus which restored base-pairing

in SL3, and recovered viral levels similar to wild-type. This study demonstrated

the requirement of SL3 for the evasion of the host innate immune response and

therefore the prevention of viral RNA degradation by host factors.
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Figure 1.11: Schematic of the 5 0 7-methylguanosine mRNA cap
structure
The 7-methylguanosine is shown in dark red and the 50 end of RNA shown in pink.
The 20-O site of the �rst and second nucleotide can be methylated to produce a cap-1
and cap-2 structure respectively (shown in green and blue). CHIKV RNA has a cap-0
structure; neither nucleotide is methylated at the 20-O site.

Circularisation of the genome is essential for e�cient replication of many viruses

(such as DENV, discussed in section 1.3.4), and has been suggested to occur

during SINV and SFV negative-strand genome synthesis, despite no recognised

complementary sequences in the 50and 30UTRs (181). It is possible that genome

circularisation can occur through interactions of host cell proteins; cap-binding

proteins can interact with poly-A binding proteins resulting in transient genome

circularisation. Panhandle structures were observed between the 50 and 30 ends

of the SINV genome through electron microscopy (181) and biophysical assays

were utilised to demonstrate that extracted RNA from virally infected cells could

cyclise. Linear and circular RNA can be puri�ed and separated by a glucose

gradient (182). When mutations were introduced to disrupt SL3 in SINV, the

level of translation increased however there was a decrease in negative-sense

genome synthesis in both mammalian and mosquito cells, strongly suggesting that

this stem loop is important for this process irrespective of the host/vector (175).

A series of chimeric SFV and SINV viruses further demonstrated the importance

of SL3, and the terminal AU dinucleotide, for genome replication (176).
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A series of mutational studies were performed on VEEV and underlined the

importance of the 50 AU dinucleotide, as well as the sequence of the SL3 stem,

for e�cient promoter function ( 183). Substitutions of the 50 A or U were

detrimental to the virus and compensatory mutations were observed whereby

multiple AU's were inserted at the 50 terminal, demonstrating the importance

for these nucleotides in genome replication. Mutations to the base of the stem

(G-C > C-G) inhibited replication, and passaging of these mutations resulted

in the virus gaining compensatory mutations of AU or AUG repeats at the

50 terminal (171). Other disruptions to this stem loop resulted in a gain of

heterologous sequences that were capable of forming a similar structure. Further

analysis of the VEEV genome further showed that mutations were gained in nsP4,

the C-terminus of nsP1 and N-terminus of nsP2, indicating their involvement

with genome replication. Similar experiments were performed in SINV, and the

passaging of 50 AU deletion resulted in the addition of multiple AU nucleotides

(181). This study also determined that variants with multiple AU dinucleotides

were capable of replicating to higher levels in mammalian cells compared to

mosquito cells.

1.3.5.2 Alphavirus 51 nt CSE

A 51 nt conserved sequence element (CSE) is observed across the alphavirus at

the beginning of the coding region for nsP1 (nucleotides 165 to 216 in CHIKV).

Due to the di�ering 50UTR lengths between species, the CSE alters in nucleotide

location but the stem loop structures associated with this region are highly

conserved (174).

An early study demonstrated that the sequence of this region was important

rather than the structures present; a double mutant was introduced to alter the

sequence but maintain the stem loop and there was a signi�cant reduction in virus

replication in mosquito cells (177). It is of note that no reduction in replication

was observed in mammalian cells for this double mutant, strongly suggesting this

region is involved in host-speci�c interactions. Substitutions to the nucleotides in

the terminal loops were also associated with a reduction in virus replication (in
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avian and mosquito cells), further suggesting that sequence-speci�c interactions

occur rather than structure-speci�c during replication (177).

A more recent study uncoupled the presence of secondary structures from the

expression of nsP1 in VEEV through extensive synonymous mutations to com-

pletely remove all secondary structures within the nsP1 coding region, and then

re-introduced the structures individually (184). There was almost no virus recov-

ered when both structures in the CSE were disrupted. However, the presence of at

least one stem loop was su�cient for virus generation, with the largest reduction

of virus replication observed with the disruption of SL165. This reduction in

virus replication was observed in both mammalian and mosquito cells. The stem

loop knockout viruses were then passaged in BHK-21 cells twice, and further

mutations were observed in the 50 upstream of the ORF-1 start codon and at

the N-terminal of nsP2 and nsP3. To con�rm whether these mutations were

su�cient to rescue virus replication to wildtype levels, they were reincorporated

into VEEV and it was reported that mutants in nsP2 and 50 UTR were not

synergistic, suggesting that these regions are involved in di�erent processes during

replication (184). The importance of interactions between nsP2 and nsP3 with

the CSE were con�rmed when similar passaging experiments were performed

in SINV and mutations arose again in these two proteins, and the 50 UTR, as

well as E2 (169). The pseudo-revertant mutation in nsP2 was not su�cient to

recover the CSE mutant to wildtype levels of replication and instead required

the presence of the nsP3 pseudo-revertant mutant or the pseudo-revertant UTR

mutant. Interestingly, the restoration of replication observed in mosquito cells

was not observed within mammalian cells, suggesting that the CSE region is

important in host-speci�c interactions.

1.3.5.3 Alphavirus 3 0 UTR

As with the 50 UTR, the length of the 30 UTR varies across the alphaviruses,

with SAV having the shortest at 87 nts and CHIKV the longest at 723 nts. The

length of the 30 UTR also di�ers between CHIKV species, from� 500 - 700 nts

(185). The CHIKV 3 0 UTR is comprised of three direct repeat regions (DR1 -
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3) which occur in a lineage speci�c pattern, with the Asian lineage having the

longest UTR due to a second repeat of DR3 region and DR(1+2) region. There

is a 19 nt CSE prior to the poly(A) tail, which functions as the promoter for

negative-strand synthesis (185, 186). Multiple studies that introduced mutations

into this region have suggested that the importance of the 30 UTR structural

elements is host-speci�c (174, 187).

A recent study discovered that three variants co-existed during infection of

CHIKV with varying 3 0 UTR variants (deemed canonical, duplication (partial

duplication of the DR(1+2) repeat) and deletion (removal of the 30 end of the

�rst DR(1+2) repeat)). SHAPE-MaP analysis on in-vitro transcribed RNA

of the three 30 UTR variants was performed in order to determine structural

di�erences between them (174). They reported that the start of the UTR had

the greatest di�erence in RNA structure, while the 30 end remained conserved

between variants. The duplication variant contained a repeat of a two-hairpin

loop structure present in the canonical variant, and the deletion variant did not

contain this structure. Interestingly, they also reported that compared to the

canonical UTR the duplication variant enhanced replication levels in mosquito

cells and that the deletion variant inhibited replication. There was no observed

di�erence in replication rates across the three variants in mammalian cells and in

a mouse model, strongly suggesting that the structures at the beginning of the 30

UTR are involved with mosquito-speci�c interactions.

The generation of mutants in the 30 CSE was associated with a greater reduction

in virus replication in mosquito cells than avian cells (186), and more speci�cally

inhibition of RNA replication ( 188), suggesting that this region functions as a

promoter for negative-strand synthesis (189). The 19 nts CSE terminates in a

cytosine and mutagenesis or deletion of this nucleotide in SINV prevents negative-

strand synthesis, the insertion of 3 or more uridylates recovers RNA synthesis,

further con�rming the importance of this region to function as a promoter (168,

170). Early studies reported that SINV can tolerate the conserved cytosine being

displaced by at least 7 nts from its usual place adjacent to the poly(A) tail (186),

whereas a later study demonstrated that 11 or more A residues immediately

following the CSE were required for e�cient negative-strand synthesis (170).
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The 30 UTR of alphaviruses is known to interact with RNA binding proteins;

human-antibody R (HuR) and the La autoantigen homologue in mosquitoes

(190, 191). The majority of alphaviruses, excluding CHIKV, ONNV and RRV,

contain a U-rich sequence preceding the 30 CSE, that is understood to be the

interaction site with HuR (190). In ONNV and RRV, this interaction occurs with

the repeating elements further downstream the 30 UTR ( 192). The interaction

between RNA and HuR aids in RNA stability in the cytoplasm and prevents

deadenylation and viral RNA decay (192, 193). Due to the high a�nity of this

interaction, HuR is sequestered in the cytoplasm and cellular mRNAs which

usually depend on HuR for their stability are ultimately degraded. There is a

requirement for additional studies to further elucidate the functional implications

of interactions between viral RNA and cellular La protein in mosquitoes (185).

1.3.5.4 Additional structures within protein coding regions

There are RNA structures present within the CHIKV genome that determine

recoding during translation to allow for the translation of nsP4 and TF protein.

There is an opal stop codon present in between nsP3 and nsP4, and TCR occurs

in the presence of an elongated stem loop at a rate of 10% (166, 194). SHAPE

analysis of this region revealed a terminally forked stem loop downstream of the

opal stop codon (166). Mutations to interrupt this structure resulted in ablation

of TCR and a reduction in translation (166). Furthermore, this forked stem

loop structure is conserved across CHIKV lineages and alphaviruses through

co-variation (173, 195). A -1 frameshift in translation of the structural 6K gene

results in the translation of the TF protein (196). This frameshift requires the

presence of a programmed ribosomal frameshifting (PRF) stem-loop, which was

determined to be a short, bulged stem loop with homology to structures observed

in EEV ( 166, 197). Mutations to abolish this stem loop were shown to decrease

the expression of the TF protein (166).

During virus infection, host cells induce translational shut o� to inhibit virus

replication. This would mean that during late stages of replication, the translation

of structural proteins from the sub-genomic replicon would be limited. There is
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a predicted highly stable stem loop that forms downstream of the sub-genomic

AUG which is critical in the initiation of translation without eIF2 ( 198). This

structure is referred to as the downstream stable hairpin (DSH). The DSH is

believed to stall the 43S ribosomal subunit at the start codon for ORF-2 and

initiate translation; potentially through the direct binding with the P site ( 199,

200).

1.4 Aims of the project

Preliminary work from the group identi�ed an in-frame AUG start codon that

was conserved at amino acid residue 24 across CHIKV and ONNV (deemed M24).

They initially demonstrated that mutations introduced at M24 were detrimental

to virus replication and observed a potential truncated version of nsP1 by Western

blot analysis, however, these results were inconsistent. They hypothesised that

M24 functioned as an alternative start codon to translate a truncated form of

nsP1, and that this protein was essential for e�cient CHIKV replication with

functions that had not been previously characterised in CHIKV infection.

The overarching goal of this project was to further understand the importance

of nsP1 within the CHIKV lifecycle and to determine whether it had novel,

non-canonical functions. The project was broken down into 3 main aims:

1. Verify preliminary data to con�rm whether M 24 functions as an alternative

start codon to translate a truncated version of nsP1 through the use of an

infectious clone to analyse virus replication as a whole, alongside luciferase

based replicon systems to isolate genome replication from other aspects of

the lifecycle.

2. Determine mechanistic functions/interactions of the M24 codon, through

SHAPE analysis to produce minimum free energy models of M24 mutant

RNA secondary structures and passaging assay of mutant CHIKV in mam-

malian and mosquito cells.

3. Express and purify recombinant full-length nsP1 for X-ray crystallography
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analysis in order to gain insight into the protein structure and compare

full-length nsP1 to N-terminally truncated nsP1.
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Chapter 2

Materials and Methods

2.1 DNA/RNA

2.1.1 Transformation of bacterial cells

Chemically competentEscherichia coli (E. coli ) (DH5a) cells were transformed

with ICRES CHIKV plasmid DNA. 0.1-100 ng/mL of DNA was incubated with

DH5a for 5 minutes on ice and then spread out on lysogeny broth (LB) agar

plates supplemented with 0.1mg/mL ampicillin. Plates were incubated at 37°C

overnight. Colonies were then picked for inoculation of LB broth (100mg/mL

ampicillin) and incubated at 37°C overnight. Plasmid DNA were extracted from

bacteria using either the ThermoScienti�c Genejet Plasmid Miniprep or Maxiprep

kit where appropriate, according to the manufacturer's recommended protocol.

Glycerol preparations were used for long term storage of plasmid DNA, 2 mL of

bacteria overnight culture was pelleted and resuspended with 20 % glycerol:LB

broth and stored at -80°C.

Chemically competent DH5a cells were transformed with thetrans-replicase

plasmids. 10 ng of DNA was incubated with DH5a for 5 minutes on ice, 250mL

of SOC media (New England Biolabs) was added and the bacteria was allowed

to recover at 37°C for 1 hour, shaking at 180 x g. The mixture was then spread

out on LB plats that were supplemented with 50mg/mL kanamycin. Plates were

incubated and DNA extracted as described above.

E. coli Rosetta 2 cells were transformed with pET28a-SUMO-CHIKV-nsP1 plas-

mid DNA. 100 ng/mL of DNA was incubated with E. coli Rosetta 2 cells for 30

minutes on ice and then heat shocked at 42°C for 30 secs and returned to ice for 2
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minutes. Pre-warmed SOC media (New England Biolabs) was added to the cells

and they were allowed to recover for 1 hour at 37°C in a shaking incubator (at

180 x g). Finally the cells were then plated out onto LB agar plates supplemented

with 50 mg/mL kanamycin. Colonies were picked as described above (with the

LB broth supplemented with 50mg/mL kanamycin) and plasmid DNA extracted

using the ThermoScienti�c Genejet Plasmid Maxiprep kit.

2.1.2 Endonuclease digestion

For digestion of DNA during cloning, DNA was digested with the appropriate

restriction enzyme in custmart bu�er and incubated at 37°C for a minimum of 1

hour.

For the linearisation of CHIKV ICRES plasmid DNA prior to in vitro transcription,

10 mg of DNA was digested with NotI and incubated at 37°C for 4 hours.

2.1.3 Agarose TAE gel electrophoresis

The DNA quality and size was analysed by agarose gel electrophoresis. Fragments

> 500 bp were analysed on a 1 % gel and fragments< 500 bp were analysed

on a 2 % agarose gel. Agarose was mixed with 1x TAE bu�er (40 mM Tris,

20 mM Acetate and 1 mM EDTA) and SYBR® safe DNA gel stain (1:10,000,

Invitrogen), the mixture was heated to ensure the agarose fully melted. DNA

samples were electrophoresed at 90 V for 1 hour, alongside a 1 kb Plus DNA

ladder (New England Biolabs).

2.1.4 Extraction of DNA

DNA was visualised by blue light (470 nm) and the appropriate bands were

excised with a clean scalpel and placed in nuclease free microcentrifuge tube.

DNA was extracted using the Monarch Gel Extraction kit (New England Biolabs)

according to the manufacturer's recommended protocol and DNA was eluted in

45



CHAPTER 2. MATERIALS AND METHODS

10 mL nuclease free water.

2.1.5 Ligation of DNA

Vector DNA that had been digested with the appropriate restriction enzyme was

treated with 10 U Quick CIP (New England Biolabs) for 15 minutes at 37°C.

Vector and insert DNA were ligated at a ratio of 1:3 (vector:insert), with a total

concentration � 100 ng. The ligation reaction was assembled with T4 DNA

Ligase (New England Biolabs), T4 ligase bu�er (New England Biolabs), nuclease

free water, vector DNA and insert DNA, and then incubated at room temperature

for 30 minutes. The DNA was then transformed into chemically competent DH5a

as described in section 2.1.1).

2.1.6 Phenol-chloroform extraction and ethanol precipita-

tion of DNA

Following linearisation, dH2O was added to the digest mixture to a total volume

of 200mL. 1 volume of UltraPureTM Phenol:Chloroform:Isoamyl Alcohol (25:24:1,

v/v) (Invitrogen) was added and vortexed for 1 minute before being centrifuged

for 5 minutes at 13,000 x g. The upper, aqueous phase was extracted and placed

in a new microcentrifuge tube. 1 volume of chloroform (Sigma) was then added

and the sample was vortexed and centrifuged as previously described and the

upper phase was extracted as before. 2 volumes of 100 % ethanol and 0.1 volume

of 3 M sodium acetate (pH 5.8) were added and the samples were incubated at

-20°C for 3 hours. Following incubation, samples were centrifuged at 4°C for 20

minutes at 13,000 RCF. The supernatant was removed and the pellet washed

with 500 mL 70 % ethanol. The samples were centrifuged for a �nal time for

5 minutes at 4°C at 13,000 RCF and then the pellet was allowed to air dry before

being re-suspended in 20mL dH2O.
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2.1.7 Oligonucleotide primers

DNA oligonucleotides were ordered from Integrated DNA Technologies and

dissolved with nuclease free water at 100mM. All oligonucleotides were stored at

-20°C.

2.1.8 DNA sequencing

In order to con�rm the correct sequencing following PCR cloning steps, 100 ng

of DNA was mixed with 25mM of appropriate primers and submitted to Euro�ns

Genomics for Sanger sequencing.

2.1.9 In vitro transcription

RNA for the generation of CHIKV and for the sub-genomic replicon experiments

required a 50 cap. Capped RNA synthesis was achieved using AmpliCap—SP6

High Yield Message Maker Kit (Cellscript) following the manufacturers guidelines.

Brie
y, 1 mg of linearised template DNA (see 2.1.2) was mixed with SP6 enzyme

solution, a cap/NTP mix, DTT, RNase inhibitor and transcription bu�er and

incubated at 37°C for 2 hours. Following this incubation, DNase I was added and

further incubated for 15 minutes at 37°C.

The SHAPE protocol required uncappedin vitro transcribed RNA. The T7-

Scribe—Standard RNA IVT kit was used to generate uncapped RNA according

to the manufacturer's recommended protocol. Brie
y, 1mg of puri�ed linear

DNA was mixed with 100 mM ATP, GTP, UTP and CTP, 10x T7-Scribe—

reaction bu�er, T7 enzyme mix, 100 mM DTT and 40 U/mL RNase inhibitor.

The transcription reaction was incubated at 37°C for 2 hours, 1mL DNase I was

added to the reaction and incubated at 37°C for a further 15 minutes. The RNA

was puri�ed as described in either section 2.1.11 or 2.1.12.
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2.1.10 Lithium chloride puri�cation of RNA

In vitro transcribed RNA (ICRES and monoluciferse sub-genomic replicon RNA)

was puri�ed using lithium chloride precipitation. 30 mL diethyl pyrocarbonate

(DEPC)-dH2O and lithium chloride (7.5 M, Invitrogen) were added to the RNA

mixture from 2.1.9 and incubated overnight at -20°C. Following incubation, the

samples were centrifuged at 13,000 pm for 20 minutes at 4°C. The supernatant was

discarded and the RNA pellet was washed with ice cold 80 % ethanol. The washed

pellet was centrifuged for at 13,000 x g for 10 minutes at 4°C and the supernatant

discarded. The RNA pellet was resuspended in DEPC-dH2O. Puri�ed RNA was

quanti�ed on the Nanodrop by absorbance at A260, followed by analysis on a

0.1 % 3-(N-morpholino)propanesulfonic acid (MOPS) gel to con�rm purity. RNA

was stored at -80°C.

2.1.11 Phenol-chloroform extraction of RNA

In vitro transcribed RNA for SHAPE analysis (section 4.2.1) was puri�ed using

phenol chloroform extraction. The RNA sample was made up to 200mL with

nuclease free water. One volume of phenol:chloroform:isoamyl alcohol (pH 6.7;

Ambion) was added to the RNA sample and mixed by vortexing for 1 minute, then

centrifuged for 10 minutes at 16,000 x g at 4°C. The upper, aqueous phase was

aspirated and transferred to a clean nuclease free micocentrifuge tube. 0.1 volume

of sodium acetate (3 M, pH 5.2) and 2.5 volumes ice cold 95 % ethanol were added

to the sample and mixed well by pipetting, then incubated at -80°C for � 1 hour.

The RNA was pelleted by centrifugation at 16,000 x g for 10 minutes at 4°C. The

supernatent was discarded and the pellet washed with 70 % ethanol. Following

a �nal centrifugation at 16,000 x g for 15 minutes at 4°C, the supernatant was

removed. Once the ethanol had fully evaporated and the pellet was dry, RNA

was resuspended in 50mL of nuclease free water. RNA was stored at -80°C.
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2.1.12 Column puri�cation of RNA

From 2022, all RNA was puri�ed using the PureLink RNA kit (ThermoFisher)

according to the manufacturer's recommended protocol. RNA was eluted in 50mL

nuclease free water.

In vitro transcribed RNA for SHAPE analysis (section 4.2.5) was puri�ed using

the PureLink—RNA kit, according to the manufacturer's recommended protocol

and the RNA was eluted in 50mL of nuclease free water.

2.1.13 RNA agarose gel electrophoresis

The integrity and size of RNA was analysed on an agarose formaldehyde MOPS

gel. A 1 % or 2 % agarose gel was prepared by mixing nuclease free agarose in 1x

MOPS bu�er (40 mM MOPS, 10mM sodium acetate and 1 mM EDTA). Once

the agarose was fully melted, 6.5 % formaldehyde and SYBR® safe DNA gel

stain (1:10,000) were added in a fume hood and then the mixture was poured

into a gel cast. RNA samples were mixed at a 1:1 ratio with RNA loading dye

(Invitrogen) and electrophoresed at 90 V for 1 hour, alongside the Millenium—

RNA Marker (Invitrogen).

2.2 Selective 2 0 Hydroxyl Acetylation Analysed

by Primer Extension (SHAPE)

2.2.1 Template preparation

CHIKV wild-type mono-luciferase DNA was used as a template for PCR am-

pli�cation of the region 1 - 337 nts of the CHIKV genome. 10 ng of DNA was

combined with 10 mM dNTPs, 10mM forward and reverse primer, DMSO (�nal

concentration of 3 %), 5X Phusion GC bu�er, nuclease free H2O and Phusion

polymerase (0.02 U/ uL, New England Biolabs) in a total volume of 50mL. The
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reaction was incubated at 98°C for 2 minutes, 35 cycles of 98°C for 15 seconds,

55°C for 30 seconds and 72°C for 30 seconds followed by 72°C for 10 minutes. PCR

productions were puri�ed using the Monarch® PCR clean up kit according to

the manufacturer's recommended protocol, and DNA was eluted in 12mL nuclease

free water. RNA wasin-vitro transcribed using the T7In-Vitro Transcription

kit ((Cellscript) see section 2.1.9), and puri�ed by either column puri�cation or

phenol chloroform extraction (see section 2.1.12 and 2.1.11).

2.2.2 RNA folding and NMIA treatment

20 pmol of RNA diluted in 0.5 x TE bu�er (Ambion) was heated at 95°C for 2

minutes, and cooled by incubation for 2 minutes on ice. 45mL of 3.3X folding

bu�er (333 mM HEPES (pH 8.0), 20 mM MgCl2, 333 mM NaCl) and 80 units

RNase inhibitor (Promega) was added to the RNA and the volume made up to

150mL with nuclease free water, the RNA was incubated at 37°C for 30 minutes.

Each sample was divided into two tubes and the folded RNA was incubated with

either 5 mM NMIA or DMSO at 37°C for 50 minutes.

Once treated, RNA was ethanol precipitated by the addition of 5 % v/v NaOAc,

2 mL 100 mM EDTA, 20 mg glycogen and made up to a total concentration of

70 % ethanol with nuclease free water. Precipitations were incubated at -80°C

for at least 1 hour prior to pelleting by centrifugation at 4°C at 16,000 x g for 30

minutes. The pellet was washed with 70 % ethanol and resuspended in 10mL 0.5

x TE bu�er.

2.2.3 Primer extension

The treated RNA was combined with 1mL of 10 mM 6-FAM 
ourescein labelled

primers and made up to a total volume of 12mL nuclease free water. The

reactions were incubated at 85°C for 1 minute, 60°C for 10 minutes and 35°C

for 10 minutes. The reaction was reverse transcribed using SuperScript III

(ThermoFisher Scienti�c). Brie
y, the RNA/primer mix was combined with a
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master mix of 5 x First Strand bu�er, 12 mM DTT, 40 units RNase inhibitor,

1.3 mM dNTPs, 200 units SuperScript III and nuclease free water. The reaction

was incubated at 52°C for 30 minutes. Upon reverse transcription, 1mL 4M

NaOH was added to the reaction and then incubated at 95°C for 2 minutes. The

samples were immediately cooled on ice and 2mL of 2M HCl was added. The

cDNA was ethanol precipitated as described in 2.2.2, with the replacement of

being resuspended in 40mL highly deionised formamide. Once resuspended, the

cDNA was heated at 65°C for 10 minutes and then vortexed brie
y prior to being

stored at -80°C.

2.2.4 Ladder preparation

The sequencing ladder was prepared in the same way as described in 2.2.3, however

10 pmol of untreated RNA was combined with Hexachloro-
ourescein labelled

primer and the addition of 1mL 10mM ddATP to the reverse transcription master

mix.

2.2.5 Capillary Sequencing of SHAPE reactions

The sequencing ladder was mixed with the NMIA or DMSO treated sample in a

1:4 ratio, and submitted to Dundee DNA Sequencing and Services for analysis by

capillary electrophoresis.

2.2.6 Data analysis

The raw sequencing trace �les were analysed in the programme QuSHAPE to

generate SHAPE reactivity values. Negative values were set to 0 and "super-high"

reactive nucleotides were set to 3. The Vienna RNAprobing server was used to

generate RNA structure predictions, using SHAPE reactivity scores to guide base

pairing. VARNA was used to visualise the RNA secondary structure from the

dot bracket �le generated by Vienna. The reactivity values were overlaid onto
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a predicted RNA structure and a scale bar set of white (0 - 0.3), a gradient of

white to red (0.3 - 0.7) and red (> 0.7).

2.3 Cell culture methods

2.3.1 Continuous cell culture

All mammalian cell lines were maintained at 37°C with 5 % CO2 in humidi�ed

incubators. All mammalian cell lines were grown in Dulbecco's Modi�ed Eagle's

Media (DMEM; Sigma) supplemented with 10 % foetal bovine serum (FBS;

Invitrogen) and 100 IU penicillin/mL, and 100 mg streptomycin/mL, this is

referred to as complete media. Cell lines were passaged using trypsin (Sigma) as

the cells were reaching 100 % con
uency.

The mosquito cell line (C6/36,Ae. albopictus) was maintained at 28°C. C6/36

cells were grown in Leibovitz media (Sigma) supplemented with 10 % FBS

(Invitrogen), 10 % tryptose phosphate brother (Sigma), 100 IU penicillin/mL and

100mg streptomycin/mL (this is referred to as complete Leibovitz media). When

cells were reaching 100 % con
uency they were passaged by mechanical scraping.

2.3.2 Transfection of cells

2.3.2.1 Sub-genomic replicon assay

Huh7 cells was seeded at 1.5 x 105 cells per well in a 24 well plate the day prior to

transfection and allowed to reach 70 % con
uency. 500 ng of RNA was mixed with

50 mL of Opti-MEM —per well. 1mL of Lipofectamine-2000 (ThermoFisher) was

mixed with 50 mL Opti-MEM —and incubated at room temperature for 5 minutes.

The RNA mix was gently pipette mixed with the Lipofectamine-2000 mix and

incubated for 20 minutes at room temperature. Cells were washed with 1x PBS

and media was replaced with Opti-MEM—. The RNA/Lipofectamine-2000 mix

was added dropwise to each well. Cells were incubated at 37°C for the appropriate
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time. Supernatent was removed from cells and the monolayer was lysed with 1x

passive lysis bu�er (PLB, Biotium) and stored at -20°C prior to analysis.

Lysates were analysed for luciferase activity levels using a FLUOstar plate reader

(BMG LABTECH). 10 mL lysate was transferred to a white bottom 96 well plate

and the �re
y luciferase activity of samples was measured by the addition of

�re
y working solution (Biotium).

2.3.2.2 Trans -replicase assay

Huh7 cells was seeded at 1.5 x 105 cells per well in a 24 well plate the day prior

to transfection and allowed to reach 70 % con
uency. 500 ng of plasmid reporter

and replicase plasmid DNA was mixed together with 50mL Opti-MEM —. 1 mL

of Lipofectamine-2000 (ThermoFisher) was mixed with 50mL Opti-MEM —and

incubated at room temperature for 5 minutes. The DNA mix was gently pipette

mixed with the Lipofectamine-2000 mix and incubated for 20 minutes at room

temperature. Cells were washed with 1x PBS and media was replaced with

Opti-MEM —. The DNA/Lipofectamine-2000 mix was added dropwise to each

well. Cells were incubated at 37°C for the appropriate time. Supernatent was

removed from cells and the monolayer was lysed with 1x PLB and stored at -20°C

prior to analysis.

Lysates were analysed for luciferase activity levels using a FLUOstar plate reader

(BMG LABTECH). 10 mL lysate was transferred to a white bottom 96 well plate

and the �re
y luciferase activity of samples was measured by the addition of

�re
y working solution . An additional 10 mL of lysates was used to measure the

Gaussia luciferase activity by addition of Renilla working solution (Biotium).
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2.4 Virological methods

2.4.1 CHIKV generation

2.4.1.1 BHK-21 Electroporation

Virus was generated by transfectingin vitro transcribed RNA into BHK-21 cells.

Cells were trypsinised and centrifuged at 1,000 x g for 1 minute, cell pellets were

washed in ice cold 1x DEPC PBS. This was repeated twice and then cells were

resuspended in ice cold 1x DEPC PBS at 3 x 106 cells/mL. 1 mg of RNA was

added to 1.2 x 106 BHK-21 cells in a pre-cooled 4 mm cuvette and electroporated

using a square-wave setting: 260 V for 25 ms. Immediately after electroporation,

cells were resuspended in 10 mL complete media. Cells were seeded directly into

a T75 
ask and supernatant (containing infectious virions) was collected after 24

hours incubation at 37°C.

2.4.1.2 C6/36 Lipofectamine-2000 Transfection

Virus was generated by transfectingin vitro transcribed RNA into C6/36 cells.

The day prior to transfection, 1.4 x 106 C6/36 cells were seeded in a T75

and incubated overnight to reach 70-80 % con
uency. 10mg of viral RNA

was mixed with 50 mL Opti-MEM —(Gibco). 10 mL of Lipofectamine-2000

(ThermoFisher) was mixed with 50mL Opti-MEM —per T75 
ask, and incubated

for 5 minutes at room temperature. The RNA/Opti-MEM—mix was added with

the Lipofectamine-2000/Opti-MEM—and incubated for a further 20 minutes at

room temperature. Cells were washed with 1x PBS and the media was replaced

with 4 mL of Opti-MEM —. 100mL of the Lipofectamine-2000/RNA mixture was

added drop wise onto the cells. Following a 4 hour incubation, the Opti-MEM—

was replaced with complete Leibovitz media. Supernatent containing released

infectious CHIKV was harvested 48 hpt and stored at -80°C.
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2.4.2 Infectious centre assay

The day prior to electroporation, 1.5 x 105 BHK-21 cells were seeded into a

12 well plate, and incubated overnight to reach 90-95 % con
uency. Cells were

electroporated according to section 2.4.1.1. Electroporated cells were resuspended

up to 1 mL in complete media, 100mL of resuspended electroporated cells were

used to perform a dilution series of 10{1 to 10{6 . The media was removed from

the monolayer of BHK-21 cells seeded the day prior and replaced with 500mL of

diluted electroporated cells. Cells were incubated for 1-2 hours. Complete media

was diluted 1:1 with 1.6 % (w/v) high viscosity carboxyl-methyl cellulose (CMC,

sigma). Supernatant was removed and cells were washed with PBS, complete

media:CMC was added to the cells as an overlay. The cells were incubated for a

48 hours. Cells were �xed using 4 % formaldehyde for 30 minutes and stained

using a 20 % ethanol and 0.1 % (w/v) crystal violet solution for 1 hour. Cells

were washed thoroughly with dH2O and allowed to dry. The following equation

was used to determine titre:

Titre (PFU/mL) =
Number of plaques

dilution factor x volume (mL)

2.4.3 Virus infection

Once cells had reached 70-80 % con
uency complete media was replaced with

fresh medium and infected with CHIKV at the stated multiplicity of infection

(MOI). Cells were incubated for 1 hour with rocking, cells were then washed twice

with PBS and complete media was added. Infected cells were incubated at 37°C

for the desired length of time.

2.4.4 CHIKV titre determination by plaque assay

1.5 x 105 BHK-21 cells were seeded into a 12 well plate and incubated at 37°C

overnight to reach 90-95 % con
uent. A serial dilution of CHIKV was made, from
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10{1 to 10{7 in SFM. Complete media was removed from cells. Virus dilutions

were added carefully to the cells and incubated at 37°C for 1 hour on a rocker.

Complete media was diluted 1:1 with 1.6 % (w/v) high viscosity CMC (Sigma).

Virus was removed from the cells, and complete media:CMC was added to the cells

as an overlay. CMC prevents virus migrating through the media, ensuring that

the secreted infectious virion from an infected cell could only infect immediately

neighbouring cells. Plaques were formed due to CHIKV infection resulting in

cell lysis in very de�ned regions. The cells were incubated at 37°C for 48 hours.

Cells were �xed using 4 % formaldehyde for 30 minutes and stained using a 20 %

ethanol and 0.1 % (w/v) crystal violet solution. The chromophore containing

component of crystal violet binds to the negatively charged cell membranes (it

is positively charged at pH 7). Healthy cells appears purple in the plaque assay,

and areas where the virus has caused lysis appear transparent as they are not

stained. Cells were incubated for 1 hour in stain solution, stain was removed and

cells were washed thoroughly with dH2O, and allowed to dry. Virus titre was

determined using the equation in section 2.4.2.

2.4.5 Passaging

For each passage, a T25 
ask of the appropriate cell line was allowed to reach

70-80 % con
uency prior to infection. Passaging began by infecting the passage

1 (P1) monolayer at MOI 1. The supernatant was harvested 48 hpi and 1 mL

of supernatant was used to infect a na•�ve T25 
ask of appropriate cells. This

was repeated up to the harvesting of supernatant from passage 10 (P10). The

supernatant from all passages was titred. If the titres were suitable, an infection

was performed in huh7 cells at MOI 1 or 0.1 for 24 hours, and the supernatant

titred.

2.4.6 RNA Extraction

The monolayer of cells following each passage were harvested with Tri-Reagent

(Sigma Aldrich). RNA was extracted from this using PureLink—RNA Mini Kit
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(ThermoFisher) according to the manufacturer's instructions and eluted in 30mL

RNase free water. Extracted RNA was stored at -80°C.

2.4.7 Next Generation Sequencing

The Oxford Nanopore Technology, PCR tiling of SARS-CoV-2 virus with rapid

barcoding (SQK-RBK-110), protocol was adapted for Next Generation Sequencing

analysis of the CHIKV genome. Primers to generate eleven 1,200 bp amplicons

were designed using Primal Scheme (201). Primers were combined to make a

100mM stock deemed primer pool 1 and 2 (see table 2.1).

Table 2.1: Next Generation Sequencing primers

Primers were designed using Primal Scheme. "Left" indicates the forward primer,
"Right" indicates the reverse primer with the number referring to the amplicon.

Primer Pool 1
Name Sequence

CHIKV ICRES 1 LEFT AGACACACGTAGCCTACCAGTT
CHIKV ICRES 1 RIGHT TGTTCGTATTCCGTTGCGTTCT
CHIKV ICRES 3 LEFT TGTAAGAAGGAAGAAGCCGCAG
CHIKV ICRES 3 RIGHT AATAGCCCGCTGTCTAGATCCA
CHIKV ICRES 5 LEFT CGCAAAAACAGTTATGTGCGGT
CHIKV ICRES 5 RIGHT TGTTTCTTGTACGACCGGACAC
CHIKV ICRES 7 LEFT ACCCACTTTGGACTCAGCAGTA
CHIKV ICRES 7 RIGHT ACCTATTTAGGACCGCCGTACA
CHIKV ICRES 9 LEFT ATCCCAGTTATGTGCCTGTTGG
CHIKV ICRES 9 RIGHT CGGCCAATACTTATACGGCTCG
CHIKV ICRES 11 LEFT TTCATTGTGGGGCCAATGTCTT
CHIKV ICRES 11 RIGHT TTGTTACTATTCAGGGGTTTTATAGCC

Primer Pool 2
CHIKV ICRES 2 RIGHT TCCGAAGACTCCTATGACTGCA
CHIKV ICRES 2 LEFT AATGTCATTCTCGGTGTGCACA
CHIKV ICRES 4 RIGHT CTTTGCGACTTCTCGATAGGCA
CHIKV ICRES 4 LEFT TTGTTGGGCTAAGAGCTTGGTC
CHIKV ICRES 6 RIGHT CTGCTGCTTTTGGCCCTTTTAG
CHIKV ICRES 6 LEFT GGTAATGAGCACCGTACCTGTC
CHIKV ICRES 8 RIGHT CGGTGGGGAGAACATGTTAAGG
CHIKV ICRES 8 LEFT ATGGCAACGAACAGGGCTAATT
CHIKV ICRES 10 RIGHT GCCAAATTGTCCTGGTCTTCCT
CHIKV ICRES 10 LEFT AACACTCCTGTCCTACCGGAAT
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2.4.7.1 Library Preperation

Two individual reverse transcription reactions were performed on each sample;

8 mL of extracted total RNA was mixed with 2 mL of the LunaScript—RT

SuperMix (New England Biolabs) and then incubated in a thermocycler at 25°C

for 2 minutes, 55°C for 10 minutes and 95°C for 1 minute, and then held at 4°C.

A mastermix was prepared for two seperate PCR reactions of: RNase free H20,

primer pool 1 or 2 (100mM) and Q5® Hot Start 2x Master Mix (New England

Biolabs). The primer pool 1 or 2 mastermix was added to clean RNase free PCR

tubes and then mixed with 2.5mL of the cDNA generated from the RT step.

PCR reactions were performed with the following cycle: 98°C for 30 seconds, 35

cycles of 98°C for 15 seconds and 65° for 5 minutes, and a �nal hold of 4°C.

The entire contents of the primer pool 2 reaction was combined with the primer

pool 1 reaction and pipette mixed. 7.5mL of the combined PCR products was

mixed with 2.5 mL of each "barcode" from the Rapid Barcoding Plate (Oxford

Nanopore Technology). The sample was incubated at 30°C for 2 minutes and 80°C

for 2 minutes. Following attachment of the "barcodes", all individual samples

were pooled together. The combined samples were mixed at a 1:1 ratio with

AMPure XP SPRI beads (Beckman Coulter) and incubated at room temperature

for 5 minutes. A magnetic rack was used to pellet the beads and the supernatant

was aspirated and disposed of. The pellet was washed twice with 1 mL 80 %

ethanol and the beads were allowed to dry at room temperature for 5 minutes to

ensure all ethanol had evaporated. Elution bu�er (Oxford Nanopore Technology)

was added and incubated with the beads for 10 minutes at room temperature.

The beads were pelleted using a magnetic rack and the elution was aspirated and

transferred to a fresh nuclease free tube.

The eluted DNA was mixed with 1mL of Rap F (Oxford Nanopore Technology),

incubated at room temperature for 5 minutes and then stored on ice. The 
ow

cell priming mix was prepared by mixing the Flush Bu�er (Oxford Nanopore

Technology) with the Flush Tether (Oxford Nanopore Technology). Finally, the

prepared library was mixed with Sequencing Bu�er II and Loading Beads II.
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2.4.7.2 Sequencing Run

The 
ow cell was initially primed with 800 mL of priming mix through the priming

pore, with care taken to not introduce any air into the 
ow cell, and incubated

at room temperature for 5 minutes. The sample pore was opened and a further

200 mL of priming mix was used to �nish priming the 
ow cell. The prepared

DNA library was loaded into the sample port in a dropwise manner.

The sequencing run was set up at the recommend voltage, for 72 hours and

with basecalling and barcoding enabled, mid-read barcoding was also enabled.

The minimum barcoding score was overrode to 60, and the minimum mid-read

barcoding score set at 50.

2.4.7.3 NGS Analysis

Real time basecalling was performed using Guppy that is integrated within

MinKNOW; the 'Fast' basecalling option was selected. Guppy was also used to

demultiplex samples based on their "barcodes". The InterARTIC web application

was utilised for post-run analysis which aligned the FastQ �les generated by

Guppy to a reference genome, where single nucleotide variations and indels can

be detected relative to the reference genome (202). The Medaka work
ow was

chosen for variant detection, and consensus genome sequences are ultimately

generated. The consensus fasta �les (.bed �les) were used for downstream analysis

on IGV 2.13.0 to determine population percentages of bases at speci�c nucleotides.

2.5 Protein production

2.5.1 Protein expression

Small scale starter cultures were grown from stabs of glycerol stocks ofE. coli

Rosetta-2 cells transformed with pET28a-SUMO-CHIKV-nsP1 40 mL of LB

medium supplemented with 1mg/mL kanomycin at 37°C for 16 hours. 10 mL of
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these starter cultures was used to inoculate 1L LB medium and left to grow at

37°C until OD 600 reached 0.4 - 0.6. Expression of 6xHis-SUMO-CHIKV-nsP1 was

induced with isopropylb-D-1 thiogalctopyranoside (IPTG) at a �nal concentration

of 0.2 mM. Cultures were then incubated at 30°C for 16 hours.

2.5.2 Protein puri�cation

Bacterial cells were harvested by centrifugation at 5,000 xg at 4°C for 20 minutes

using a SLC-6000 rotor. Pellets were either resuspended in lysis bu�er (500 mM

Nacl,20 mM Tris-HCl (pH 8.8), 20 mM imidazole, 0.1 mM TCEP, 5 mM MgCl2,

2 mg/mL DNase I, 2 mg/mL RNase A, 1 mg/mL lysozyme, 3 tablets (/80 mL)

EDTA-free protease inhibitor) or stored at -20°C. 20 mL of lysis bu�er was used

per 1 L of bacteria culture. Cell lysis was completed by using a cell disrupter.

Lysed cells were clari�ed by centrifugation at 40,000 xg at 4°C for 20 minutes to

seperate the soluble and insoluble fractions. The supernatant (soluble fraction)

was then �ltered with a 0.45 mM �lter.

2.5.3 Nickel a�nity chromatography

The HisTrap HP 5 mL column was �rst washed with 20 % ethanol and then dH2O

to remove residual ethanol. The HisTrap column was equilibrated with binding

bu�er (500 mM Nacl, 20 mM Tris-HCl (pH 8.8), 20 mM imidazole, 0.1 mM

TCEP) immediately prior to applying the supernatant of bacterial lysate. The

supernatant was re-applied to the column twice more, at a 
ow rate of 1 mL/min

and the �nal 
ow-through was collected. The HisTrap column was then washed

with binding bu�er with 20 mM imidazole to elute any non-speci�c binding. The

HisTrap column was washed with 2 M NaCl/20 mM Tris-HCl (pH 8.8)/20 mM

imidazole to remove any RNA. The column was washed once more with binding

bu�er with 50 mM imidazole before 6xHis-SUMO-CHIKV-nsP1 was eluted with

elution bu�er (500 mM NaCl, 20 mM Tris-HCl (pH 8.8), 300 mM imidazole,

0.1 mM TCEP). A �nal was of elution bu�er with 1 M imidazole was used to

elute any protein that was still bound to the HisTrap column.
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Following dialysis and cleavage of the eluted fractions (section 2.5.4) of Ni-a�nity

chromatography was repeated to remove the 6xHis-SUMO tag from pure CHIKV-

nsP1. As before, the HisTrap column was �rst washed with dH2o to remove

residual ethanol and equilibrated with dialysis bu�er (500 mM NaCl, 20 mM

Tris-HCl (pH 8.8)). The mixture of cleaved and dialysed samples were applied

onto the column at a 
ow rate of 1 mL/min and the 
ow-through collected. The

column was washed with binding bu�er containing 50 mM imidazole, 500 mM

imidazole and �nally 1 M imidazole to remove residual 6-His-SUMO tag from the

column.

2.5.4 Dialysis and cleavage of fusion tag

The elution fractions were dialysed overnight in order to remove any excess

imidazole to aid in SUMO-protease e�ciency. The total protein concentration

was estimated with Bradford reagent and absorbance at 595 nm. 0.5 mg SUMO-

protease was added for every 10 mg of eluted protein. The mixture was decanted

into a 10k MWCO dialysis tubing (Thermo Scienti�c) and placed in 5 L of dialysis

bu�er (500 mM NaCl, 20 mM Tris-HCl (pH 8.8), 0.1 mM TCEP) for 16 hours

overnight at 4°C.

2.5.5 Size exclusion chromatography

The 
ow-through from the secondary HisTrap column was concentrated to 10 mL

using centrifugal �lters (Pierce—Protein Concentrator PES, 10K MWCO) and

injected into a equilibrated (•AKTA bu�er, 200 mM NaCl, 20 mM Tris-HCl

(pH 8.8), 1 mM DTT, 5 % (w/v) glycerol) HiLoad 75 Superdex pg column (GE

Healthcare) using an•AKTA prime plus at a 
ow rate of 0.5 mL/min. Size exclusion

chromatography was performed at 4°C and 2.5 mL fractions were collected after

void volume (80 mL). The purity of CHIKV-nsP1 in eluted fractions was analysed

by SDS-PAGE followed by Coomassie staining. Finally, pure CHIKV-nsp1 was

concentrated to 10 mg/mL and stored at -80°C.
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2.5.6 Circular dichroism

Circular dichroism was carried out to investigate secondary structure information

of puri�ed CHIKV nsP1. Puri�ed nsP1 was diluted to a �nal concentration of

0.6 mg/mL in 20 mM Na3PO4 (pH 7.4), 100 mM NaCl, 0.5 mM DTT, 5% (w/v)

glycerol and 5 mM MgCl2. Circular dichroism was measure between 250 and

180 nm in a 1 mm path length cuvette using a Chirascan Plus CD spectrometer

(Applied Photophysics) and was performed by Nasir Khan (University of Leeds).

2.5.7 Sparse matrix screening - X-ray crystallography tri-

als

Spare matrix screening of CHIKV nsP1 was carried out using the JCSG core

suite screens I-IV (Qiagen). Sitting drops were set up in 96-well MRC-3 drop

plates (Molecular Dimensions) using a Mosquito crystal Nanolitre protein crys-

tallisation robot (TPP Labtech) with 30 mL reservoir solution. Unboound protein

was concentrated to 9 mg/mL and dispensed into 0.2-3mL droplets containing

protein:reservoir ratios at 1:1, 2:1 and 1:2. Plates were sealed with Viewseal

pressure adhesive clear seals (Grenier Bio-One) and incubated at 20°C.

2.6 Protein analysis

2.6.1 SDS Polyacrylamide Gel Electrophoresis

(SDS PAGE)

SDS PAGE gels were made with a 12 % resolving gel (4 mL 30 % bis-acrylamide,

2.5 mL 1.5 M Tris-HCl pH 8.8, 3.3 mL ddH2O, 100mL 10 % SDS, 100mL 10 %

ammonium persulphate (APS), 10mL TEMED) and 5 % stacking gel (0.83 mL

30 % bis-acrylamide, 0.63 mL 1 M Tris-HCl pH 6.8, 3.4 mL ddH2O, 50 mL 10 %

SDS, 50mL 10 % APS, 5mL TEMED). Protein samples were mixed 4 x LDS

(lithium dodecyl sulphate) sample bu�er (1 x LDS; 106 mM Tris HCl, 141 mM

62



CHAPTER 2. MATERIALS AND METHODS

Tris Base, 2 % LDS, 10 % glycerol, 0.51 mM EDTA, 0.22 mM G250 Coomassie

Blue, 0.157 mM phenol red; pH 8.5), supplemented with 50 mM DTT reducing

agent. Samples were heated at 95°C for 5 minutes to denature the proteins

and allowed to cool before loading onto the gel. Samples were loaded alongside

colour prestained, protein standard, broad range ladder (New England Biolabs).

Electrophoresis was performed in SDS running bu�er (25 mM Tris, 192 mM

glycine, 0.1 % (w/v) SDS) at 180 V for 50-80 minutes (until the dye front had

run o� the gel).

2.6.2 Protein Visualisation by Coomassie

Proteins that had been resolved by SDS PAGE were visualised by incubating gels

in Coomassie stain (0.25 % (w/v) Coomassie R-250, 50 % (v/v) methanol, 10 %

(v/v) glacial acetic acid) at room temperature for 1 hour. The gels were destained

for 1 hour at room temperature using destain solution (40 % (v/v) methanol,

10 % (v/v) glacial acetic acid) and rehydrated in ddH2O prior to imaging.

2.6.3 Western Blot Analysis

Proteins were transferred from the SDS PAGE gels to a 
uorescence compatible

polyvinylidene 
uoride (PVDF) membranes (Immobolin-FL transfer membrane;

Millipore) using a Trans-Blot semi-dry cell (Bio-rad) in Towbin bu�er (25 mM

Tris, 192 mM glycine, 20 % methanol) for 1 hour at 15 V. The membranes were

blocked for 1 hour at room temperature in 50 % Odyssey blocking bu�er (LiCor)

in PBS. The membranes were then incubated with primary antibody diluted to

the appropriate concentration in 50 % Odyssey blocking bu�er in PBS, overnight

at 4°C. The membranes were washed 3 x in PBS before incubating with the

appropriate 
uorescent secondary antibody diluted in 50 % Odyssey blocking

bu�er in PBS, for 1 hour at room temperature. The membranes were washed 3 x

in PBS and allowed to dry before using a LiCor Odyssey Sa Infrared imaging

system (LiCor) to directly visualise the membranes.
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Chapter 3

Investigating the importance of M 24

across the CHIKV lifecycle

3.1 Introduction

3.1.1 The function of nsP1

There have been two primary functions characterised for nsP1: it is essential in

the addition of the 50cap on nascent viral RNA and for anchoring the replication

complex to host membranes. Computational analysis of homologous structural

and functional predictions of CHIKV nsP1 and closely related alphaviruses, was

utilised originally to determine three domains in nsP1 (203). The �rst domain

is at the N-terminal (NT domain) and is the domain that is involved in the

methyltransferase (MTase) and guanyltransferase (GTase) activities during 50

capping of the CHIKV genome. The 50 cap is essential for recognition by host

translational machinery, RNA stability and the evasion of the innate immune

response (204). The middle domain (MB domain) is involved in anchoring nsP1,

and in turn the replication complex, to host cellular membranes. The C-terminal

domain (CT domain) has yet to be de�nitively associated with a function, however

there is some evidence to suggest it is involved in an essential interaction with

nsP3 (203). There is a palmitoylation site within the CT domain that has been

suggested to aid in stabilising nsP1 binding to the membrane. Throughout this

study the molecular structure of CHIKV nsP1 was resolved and published (113,

205). Both studies reported that 12 monomers of nsP1 interact with one another

to act as a nuclear pore complex to control viral RNA replication. It was clearly

demonstrated that nsP1 interacts with the host plasma membrane and that this
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is important for the correct formation of the replication complex. The �ndings of

these studies are discussed in more detail in section 5.3.

The capping mechanism (see �gure 3.1) and cap type of alphavirus nsP1 di�ers

to that most commonly utilised in eukaryotic cells, making this pathway and

protein an attractive target for potential therapeutics. The �rst reaction within

the alphavirus capping reaction is the methylation of GTP to m7GTP which is

catalysed by nsP1; S-adenosylmethionine (AdoMet) is the methyl donor (which is

demethylated to S-adenosyl-L-homocysteine (AdoHcy). Next, nsP1 is guanylated

by m7GTP, releasing a pyrophosphate (PPi). The RTPase domain of nsP2

dephosphorylates RNA from 50-triphosphate RNA to 50-diphosphate RNA. The

�nal reaction is the transfer of m7GMP from nsP1 to 50-diphosphate RNA,

producing the �nal capped product: m7Gppp-RNA (204, 206). It is of note that

this reaction has only been studied in SINV, SFV and VEEV, and it is therefore

important to continue this research within CHIKV. In eukaroytes, the capping

activity of RNA is carried out in a di�erent order. Likewise, a diphosphate RNA

intermediate is produced through the removal of the 50 g-phosphate, however,

GMP is transferred onto the 50 end of RNA prior to the methylation of the

guanosine. Capping of alphavirus RNA occurs in the cytoplasm whereas capping

of host RNA occurs in the nucleus.
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Figure 3.1: Capping mechanism of nsP1.
There are 4 main reactions involved in CHIKV RNA capping. 1. The nsP1 MTase
domain catalyses the methylation of GTP to m7GTP (S-adenosylmethionine = AdoMet,
the methyl donor. S-adenosyl-L-homocysteine = AdoHcy). 2. Guanylation of nsP1
by m7GMP, releasing pyrophosphate (PPi) . 3. 5'-triphosphate RNA (pppRNA) is
dephosphorylated by RTPase (nsP2) to 5'diphosphate RNA (ppRNA). 4. m7GMP is
transferred onto 5'-diphosphate RNA to produce the �nal capped product (m7Gppp-
RNA).

The formation of spherules at host plasma membranes and vacuoles is essential

for productive alphavirus infection. This was �rst reported in 2000, whereby

studies were performed on a synthetic peptide corresponding to the membrane

binding domain of SFV nsP1 and the presence of anionic phospholipids resulted

in a structural transition from a random coil to an amphipathic a-helix (68).

Recent studies have reported a cryo-EM structure of CHIKV nsP1, showing

that a dodecameric ring is formed of 12 nsP1 monomers (113, 205). This

structure was found to interact with the host plasma membrane and revealed how

oligomerisation, membrane binding and catalytic capping activity were coupled.

It is proposed that nsP1 functions as a viral nuclear pore complex to control the

transit of molecules in and out of spherules and is essential for the formation of

the membrane-associated replication complexes.

In addition to the well characterised functions above, a palmitoylation site

in nsP1 has been associated with the induction of short projections from the

plasma membrane (70, 71). Real-time live imaging of 
uorescently labelled-SINV
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infection demonstrated the formation of �lopodia which were associated with nsP1,

and were observed in both mammalian and mosquito cells (120). Furthermore,

the expression of nsP1 alone was su�cient to induce the formation of these

�lopodia, and the removal of the palmitoylation site in SINV and SFV inhibits

�lopodial extensions forming (207). The function of these projections remains

unknown, but inhibition of nsP1 palmitoylation is associated with decreased

pathogenesis and neurovirulence in mice (208).

Finally, the nsP1 palmitoylation site has been suggested as the interaction site

between nsP1 and nsP4. There was an observed attenuation in negative-strand

synthesis following the removal of the 3 aa palmitoylation site in nsP1, suggesting

that there are interactions between nsP1 and the RdRp during genome replication

(72). Replication and nsP1-nsP4 binding, but not palmitoylation, were rescued

through compensatory mutations, suggesting that it is the amino acids and not

palmitoylation required for e�cient replication. Previous genetic analysis of SINV

and SFV found that interactions between nsP1 and nsP4 are related to negative

strand synthesis (209{ 211).

3.1.2 Project background and preliminary results

As discussed in section 1.3.5, our group has previously identi�ed novel stem-loops

within the 50 UTR and 50 coding region of ORF-1 that are required for e�cient

replication of the virus genome (173). Alongside this, our group also noted an

in frame start codon (AUG) at amino acid residue 24 within ORF-1 (referred

to as M24 hereafter) that is unique to CHIKV and ONNV, and is not conserved

within other closely related alphaviruses (�gure 3.2).
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