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ABSTRACT

Crimean Congo haemorrhagic fever virus (CCHFV) is a tick borne nairovirus
responsible for a highly fatal human disease with increased recent incidence within
the human population of southern Europe. Hazara virus (HAZV), another tick borne
nairovirus of the same serogroup as CCHFV, is not pathogenic in humans, but
infection with HAZV results in a similar disease progression in interferon receptor
knockout mice to CCHFV. In order to investigate further similarities between HAZV
and CCHFV, and to support the use of HAZV as a model for CCHFV infection, various
structural and cell biological aspects of the CCHFV and HAZV replication cycle were
investigated. We present the X-ray crystal structure of the nucleocapsid protein (N) of
HAZV at a resolution of 2.7 A, and the crystal structure of RNA-bound HAZV N at a
resolution of 3 A. HAZV N had a highly similar overall structure to CCHFV N,
consisting of a globular domain containing amino acid residues from both the N and
the C-termini, and an extended arm domain. A crevice within the globular domain of
HAZV N had 3 nucleotides of RNA bound, in the RNA-bound HAZV N structure. RNA
binding is a crucial function of HAZV N and CCHFV N, and the identification of an
RNA binding site in HAZV N provides a model for the structure guided design of anti-
virals to disrupt this interaction.

Cellular heat shock protein 70 (HSP70) was found to be an interacting partner
of the N protein of CCHFV and HAZV, both in cells and in secreted HAZV particles.
The functional role of this interacting partner within the HAZV replication cycle was
investigated using siRNA knock down and small molecule inhibitors of endogenous
HSP70. HAZV induced apoptosis in SW13 cells, and HAZV N was cleaved during a
72 hr time course of infection. The data presented here also reveals new insights into
the replication cycles of HAZV and CCHFV.
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Chapter 1: Introduction

CHAPTER 1: INTRODUCTION

1.1 GENERAL INTRODUCTION

1.1.1 Discovery of Crimean Congo haemorrhagic fever virus and Hazara virus

Crimean Congo haemorrhagic fever (CCHF) was first described as a new tick borne
disease during a large outbreak of severe haemorrhagic fever in Crimea in 1945
when approximately 200 patients were infected (M. P. Chumakov 1945). The disease
was named Crimean haemorrhagic fever (CHF), and a viral aetiology was suggested
after infecting psychiatric patients with a filterable agent isolated from the blood of
CCHF patients (Whitehouse 2004; Bente, Forrester et al. 2013). The virus was first
isolated through inoculation of new born white mice with samples from a CCHF
patient in Astrakhan in 1967 and the resulting virus strain (Drozdov) enabled
researchers to develop the necessary reagents (e.g antigens and antibodies) for
subsequent serological surveys and investigations of virus isolates from several
different geographic regions (Chumakov, Butenko et al. 1968; Whitehouse 2004). In
1969 it was shown that the virus isolated in Crimea in 1945 was antigenically
indistinguishable from a virus isolated from human patients from the Congo and
Uganda in 1956, and the virus was renamed Crimean Congo haemorrhagic fever
virus (CCHFV) (Hoogstraal 1979; Simpson, Knight et al. 1967; Woodall, Williams et al.
1967; Casals 1969).

The outbreak of CCHF in Crimea in 1945 was the first full medical description
of this disease that brought it to the attention of modern medical science. However
references have been found in several scholarly texts which date from as far back as
the 12" century to a human disease circulating in the region that is present day
Tajikistan. This disease presented with haemorrhagic symptoms (the presence of
blood in the urine, vomit, gums, rectum, and sputum) and was associated with ticks
(Semiatkovskaia and Sidtdykova 1950; Shapiro and Barkagan 1960; Hoogstraal 1979,
Whitehouse 2004). In southern Uzbekistan a disease that is likely to be CCHFV has
been known for centuries under several different names including khungribta (blood
taking) and khunymuny (nose bleeding) (Chumakov 1974; Whitehouse 2004). It is
therefore probable that CCHFV has been circulating in human populations in Asia for
centuries. However, the recent expansion of the geographic range of this virus, and
the increase in the number of countries in which CCHFV is now considered to be
endemic, is a cause for concern. As a result CCHFV is now described as an emerging

Virus.
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Hazara virus (HAZV) was first isolated from Ixodes redikorzevi ticks collected from a
mountain vole (Alticola roylei) in the Kaghan Valley, Hazara District, Western Pakistan
in 1964 (Begum, Wisseman et al. 1970; Begum, Wisseman et al. 1970). This strain of
HAZV (JC280) was isolated in suckling mice, and antigen and immune serum from
these mice were shown to cross react strongly in neutralisation assays with CCHFV,
but not in the haemagglutination inhibition or complement fixation assays (Begum,
Wisseman et al. 1970), indicating that HAZV was serologically related to, but a distinct
virus from CCHFV. Similar to CCHFV, HAZV was lethal when suckling mice were
inoculated intracerebrally, with the highest viral loads detected in the brain and liver
(Smirnova, Shestopalova et al. 1977). In contrast to CCHFV, HAZV has not been
documented to infect or cause disease in humans and current knowledge regarding
the global distribution of HAZV is limited.

1.1.2 Classification

CCHFV and HAZV are both members of the Bunyaviridae family (ICTV), which
together with members of the Arenaviridae and Orthomyxoviridae family are
collectively known as the segmented negative-strand RNA viruses (SNSVs) by virtue
of their multiple genome segments. The Bunyaviridae family is one of the largest virus
families, containing over 350 named species, which are classified into five genera, the
Orthobunyaviruses, Tospoviruses, Phleboviruses, Hantaviruses and Nairoviruses.
CCHFV and HAZV both belong in the Nairovirus genus. Defining features of members
of the Bunyaviridae family include the possession of a segmented genome containing
three RNA segments of negative sense or ambi-sense polarity, a cytoplasmic
replication strategy and a spherical virion morphology of 90-120 nm in diameter
(Walter and Barr 2011). The three genomic segments are termed small (S), medium
(M) and large (L), based on their relative sizes, and bunyaviruses share fundamental
mechanisms of RNA synthesis (Walter and Barr 2011).

Viruses within the Bunyaviridae family are arthropod and rodent-borne,
infecting animals, plants, humans, and insects. Viruses within the Tosposvirus genus
infect plants and are predominantly transmitted by thrips, and viruses within the
Hantavirus genus are transmitted by rodents; humans become infected primarily
through inhalation of aerosolised virus particles present in rodent excrement and
saliva (Song, Baek et al. 2007). Viruses in the Orthobunyavirus, Phlebovirus and
Nairovirus genus are arthropod-borne and are transmitted by ticks, mosquitos, midges
and sandflies (Walter and Barr 2011).

Noteworthy human pathogens of the Orthobunyavirus genus include

Oropouche virus, which causes Oropouche fever, a febrile disease often associated
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with headache, dizziness, weakness, myalgias (muscle pain) and arthralgias (joint
pain) (Pinheiro, Travassos da Rosa et al. 1981; Aguilar, Barrett et al. 2011).
Oropouche virus (OROV) is transmitted by mosquitos and midges and is widespread
in South America, with >30 epidemics reported between 1960-2009, causing
significant morbidity with over half a million people estimated to have been infected
(Vasconcelos, Nunes et al. 2011). Bunyamwera virus (BUNV), the prototypic member
of the Orthobunyaviruses also causes febrile illness, the symptoms of which include
headache, arthalgias, rash, and infrequent nervous system involvement (Aguilar,
Barrett et al. 2011). La Crosse virus is the leading cause of paediatric encephalitis in
North America, and Tahyna virus causes an influenza-like syndrome in central Europe
(McJdunkin, de los Reyes et al. 2001; Gould, Higgs et al. 2006).

In the Phlebovirus genus, Rift Valley fever virus (RVFV) is a human pathogen
endemic to sub-Saharan Africa, generally causing an influenza-like iliness; however in
~1% of cases patients develop haemorrhagic manifestations, which have a 50% case
fatality rate (Boshra, Lorenzo et al. 2011; Raymond, Piper et al. 2012). Various
member of the Hantavirus genus are known to be pathogenic to humans (Hantaan
virus, Seoul virus, Puumala virus, Sin nombre virus) causing two distinct disease
syndromes: haemorrhagic fever with renal syndrome (HFRS) and hantavirus cardio-
pulmonary syndrome (HCPS) (Manigold and Vial 2014, Walter and Barr 2011).
Members of the Tospovirus genus (e.g Tomato spotted wilt virus, the most important
plant virus in economic terms) cause significant losses in yield and quality of produce
of legume, vegetable and ornamental crops from many different countries in Africa,
Asia, North America, Europe and Australasia (Pappu, Jones et al. 2009).

Within the Nairovirus genus, the most significant human pathogen is CCHFV.
The Nairovirus genus is separated from other bunyavirus genera by their large L
segments and includes seven different serogroups of tick transmitted viruses, which
contain 43 virus strains; the CCHF serogroup contains only CCHFV and HAZV (Bente,
Forrester et al. 2013, Whitehouse 2004, ICTV). The other Nairovirus serogroup
containing human pathogens is the Nairobi sheep disease group, which includes
Nairobi sheep disease virus; this is primarily a pathogen of sheep and goats, causing
severe haemorrhagic gastroenteritis (but has been known to infect humans), and
Dugbe virus, which causes a mild febrile illness and thrombocytopenia in humans
(Burt, Spencer et al. 1996, Marczinke and Nichol 2002).

Individual viruses are classified into the 5 genera within the Bunyaviridae
family based on similar segment lengths and protein sizes, the presence of conserved
nucleotide sequences within each segment termini and the segment coding strategy
used to express viral proteins. For example members of the Phlebovirus genus

encode a non-structural protein (NSs) generated by an ambisense coding strategy of
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the S segment, whereas members of the Nairovirus genus do not encode an NSs
protein (Walter and Barr 2011).

1.1.3 The CCHFV Tick vector and mammalian host life cycle

CCHFV is a zoonaotic virus, in nature CCHFV cycles between tick and vertebrate hosts;
humans become infected when they are bitten by an infected tick, or come into
contact with the blood of an infected animal or human (Figure 1.2). CCHFV is
maintained within several species of Ixodes (hard) ticks (Hyalomma, Rhipicephalus
and Dermacentor ticks), although ticks of the Hyalomma genus (Figure 1.1) are
thought to be the principle source of human infection; indeed the global distribution of
Hyalomma ticks closely mirrors that of CCHF incidence (Bente, Forrester et al. 2013;
Yesilbag, Aydin et al. 2013).

Figure 1.1 Female Hyalomma dromedarii tick
Ticks of the Hyalomma species are thought to be the principle source of human

CCHFV infection. Photograph courtesy of Alan Walker.

Ticks become infected with CCHFV when they take a blood meal to acquire the
nutrients they need for metamorphosis from larvae to nymph to adult; ticks need to
acquire these nutrients once during every developmental stage. In addition, adult
female ticks also need a blood meal to acquire the nutrients required to produce eggs
(Bente, Forrester et al. 2013). Once a tick has become infected with CCHFV it

remains infected throughout its lifetime; CCHFV is maintained throughout
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metamorphosis from larvae to nymph to adult and is transmitted to other ticks through
trans-ovarial (passed from adult females into their eggs), and venereal routes
(transmitted through copulation) (Dohm, Logan et al. 1996). In addition, CCHFV can
also spread directly to other ticks through the mechanism of co-feeding, which
involves the transference of CCHFV from an infected tick feeding on a vertebrate host
directly through their saliva to another tick feeding nearby on the same infected host
(Jones, Davies et al. 1987; Nuttall and Labuda 2003; Nuttall and Labuda 2004). This
i s al so knowmaemi Odohransmi ssi on, and
spread since it does not require CCHFV to reach the certain titre in infected
vertebrates required to initiate infection in ticks (a factor that varies among different
ticks hosts), and overcomes the transmission barrier due to the fact that not all the
mammalian hosts that ticks feed on are susceptible to CCHFV infection (Bente,
Forrester et al. 2013).

Several members of the Hyalomma genus are two-host ticks; they feed on
small animal hosts (generally hares, ground-feeding birds, and rodents) as larvae and
nymphs; adult ticks feed on large animal hosts (both domestic animals such as cattle
and sheep, and wild animals such as deer) and mate while attached to the host
(Figure 1.2). When mammalian hosts become infected with CCHFV they display a
transient, asymptomatic viraemia which is resolved in 1-2 weeks (Bente, Forrester et
al. 2013). CCHFV can replicate in a wide variety of wild and domestic animals (horses,
donkeys, sheep, cattle, scrub hares, mice, rats and ostriches) in the absence of any
clear signs of illness (Smirnova 1979, Bente, Forrester et al. 2013). CCHFV is capable
of being transmitted from ticks to mammals; naive ticks can then become infected
when they feed on the blood of a viraemic animal (Figure 1.2). Humans however, are
not a source of infection for ticks and are therefore thought to be only accidental or
6deamdd host s (Bemte, Fdrraster evadl 2013). Ticks are considered to
be the true natural reservoirs for CCHFV as ticks remain infected with CCHFV

throughout their several-year long life spans.
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Figure 1.2 The natural life cycle of Hyalomma ticks

The life cycle of Hyalomma spp. requires both a small animal host (3) and a large
animal host (5). A CCHFV infected tick maintains CCHFV replication for the duration
of its life cycle, and females transmit CCHFV to their offspring transovarially. Humans
become infected with CCHFV when they are bitten by an infected tick at any stage of
the tick lifecycle, however questing adult Hyalomma ticks are considered to be the

main source of human infection.

CCHFV has also been detected in other arthropod vectors such as biting midges,
however this probably reflects the recent feeding of the biting midge on a CCHFV
infected mammalian host, as there is no evidence that CCHFV is maintained
throughout the lifecycle of any other arthropod host, or that any other arthropod apart

from an Ixodid tick is a competent vector (Causey, Kemp et al. 1970).
1.1.4 HAZV mammalian hosts

Although the natural mammalian hosts of HAZV are largely unknown, antibodies
against HAZV have been detected in wild rodent sera (Darwish, Hoogstraal et al.
1983). In a similar manner to CCHFV, experimentally HAZV has been shown to

replicate in a variety of mammals including various species of mice and rats, guinea
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pigs, rabbits, and donkeys, amongst others (Smirnova 1979). In the case of both
CCHFV and HAZzV, the only animals that display clinical symptoms and die are
suckling mice (Smirnova, Shestopalova et al. 1977; Bente, Forrester et al. 2013).
Excluding the Ixodes redikorzevi ticks from which HAZV was first isolated, there have

been no further reports of other tick species maintaining HAZV replication.

1.1.5 Epidemiology and Geographic range of CCHFV

CCHF is the most geographically widespread tick borne human viral disease and
CCHFV is the second most widespread of all medically important arboviruses (insect-
borne viruses) after Dengue virus (Appannanavar and Mishra 2011). The known
geographic distribution of CCHFV now ranges from western China, throughout Asia
and the Middle East, across South Eastern Europe and throughout most of Africa
(Mild, Simon et al. 2010). After CCHFV was first described in Crimea in 1945, the
majority of reported cases initially originated from the former Soviet Union and
Bulgaria (Appannanavar and Mishra 2011). Outbreaks of CCHF were then reported
from several African countries such as the Democratic Republic of the Congo,
Uganda and Mauritania. Middle Eastern countries such as Iraq, the United Arab
Emirates and Saudi Arabia also reported a significant number of cases, and more
recently, a large number of CCHF cases have been reported from Pakistan, Iran,
Bulgaria and Turkey (Appannanavar and Mishra 2011).

Currently 52 countries are recognised as endemic or potentially endemic
regions; most endemic countries report a number of human CCHF cases every year;
some only report evidence of CCHFV circulation through the recovery of CCHFV RNA,
or live virus, from wild or domestic animals, or from ticks (Appannanavar and Mishra
2011; Bente, Forrester et al. 2013). In some countries evidence of CCHFV circulation
is based on detection of CCHFV specific antibodies in serosurveys of humans and
animals. Figure 1.3 is taken from the World Health Organisation (WHO) website and
shows the known global distribution of CCHFV in 2008 as well as the underlying
evidence for the circulation of CCHFV in these regions.
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Figure 1.3 Geographic distribution of CCHFV

More than 50 human cases of CCHF are reported annually to the WHO by countries
coloured red, whereas fewer than 50 annual cases are reported by countries coloured
orange. Human cases of CCHFV have not been reported by countries coloured yellow,
but CCHFV has been isolated from ticks or animals in these countries, or the
presence of CCHFV has been inferred from serological studies, and a competent
CCHFV tick vector has also been detected. The northernmost limit of Hyalomma
marginatum and Hyalomma asiaticum tick species is indicated. The figure is taken
from the World Health Organisation (WHO) website
(http://www.who.int/csr/disease/crimean_ congoHF).

CCHEF is considered to be an emerging disease due to a recent increase in both the
number of cases of CCHF in countries where CCHF is endemic, and an increase in
the number of countries where CCHFV is now considered to be endemic. The first
reported case of CCHF in Turkey was documented in 2002 and since then there have
been over 6000 reported cases, representing a special case of CCHF epidemiology
(Karti, Odabasi et al. 2004, Bente, Forrester et al. 2013). The first CCHF case was
reported in Greece in 2008; a person who was living close to the Bulgarian border
was bitten by a tick and subsequently developed a haemorrhagic fever (Papa, Dalla et
al. 2010) and more recently CCHFV RNA was isolated from ticks in Spain in 2010
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(Estrada-Pena, Palomar et al. 2012). The CCHFV tick vector (adult Hyalomma
marginatum) has been identified on livestock in Hungary and Romania, demonstrating
these ticks can survive and replicate in more northern regions than had previously
been documented, and in 2013 ticks of the Hyalomma species were identified in
Cornwall in the UK (Jameson and Medlock 2011; Ceianu, Panculescu-Gatej et al.
2012; Hornok and Horvath 2012; Bente, Forrester et al. 2013).

The expanding geographic distribution of the CCHFV tick vector increases the
possibility that the geographic range of the disease might also expand as the global
distribution of CCHFV closely mirrors that of its primary vector. People most at risk of
developing CCHFV include those with an increased risk of exposure to tick bites, such
as agricultural workers and foresters, as well as abattoir workers, veterinarians and
hospital staff, who come into contact with the blood of potentially infected animals or
humans.

The majority of reported cases of CCHFV occur as sporadic, isolated incidents,
however occasionally larger outbreaks occur, such as the infection of 200 Soviet
soldiers in 1944 (M. P. Chumakov 1945). Nosocomial outbreaks of infection in
hospital workers who do not employ appropriate barrier nursing methods are also
common in countries where CCHFV is endemic. This can be illustrated by the central
government hospital in Pakistan, where a nosocomial outbreak of CCHF occurred in
1976 (Hoogstraal 1979; Burney, Ghafoor et al. 1980). A shepherd was admitted
displaying typical CCHF symptoms and was operated on the day of his admission, but
died later that night. His father, who was caring for him at home, died of CCHF two
days later despite intensive care and repeated blood transfusions. Of the 12 hospital
staff who came into contact with, or treated the shepherd, 10 became ill with CCHF
and were hospitalised, two of these died (a nurse who assisted during the operation
died three days later, and the surgeon, who cut his finger during the operation, died
two weeks later) and 8 eventually recovered after becoming severely ill (including the
doctor who admitted the shepherd after he vomited blood on her hands and face, and
an assistant surgeon who pricked his finger whilst operating) (Whitehouse 2004).
Incidences such as this highlight the threat posed to medical personnel by CCHFV
and illustrate why CCHF is considered to be such a public health problem in countries
where the virus is endemic.

Excluding the Ixodes redikorzevi ticks found in the Kaghan valley in Western
Pakistan from which HAZV was originally isolated, and the anti-HAZV antibodies
detected in the sera of a wild jird (a gerbil-like mammal) found in the lowland, semi-
arid environment of Pakistan, there have been no further reports of HAZV being
isolated from any other country. Knowledge regarding the known geographic

distribution of HAZV therefore remains limited.
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1.1.6 Genetic diversity and evolution

Isolates of CCHFV show great genetic diversity, ranging from 20 % nucleotide
sequence differences between viral S segments, to 31 % nucleotide sequence
differences between viral M segments (Bente, Forrester et al. 2013). Several
processes are thought to contribute to the present genetic diversity of CCHFV
including genetic drift, reassortment, recombination, and long distance virus transport.
Genetic drift is proposed to be caused by an error prone viral RNA dependent RNA
polymerase (RdRp) which has helped the adaptation of CCHFV to many different
vertebrate and tick hosts by introducing random sequence changes to the genome,
thereby providing the fundamental diversity needed for the evolution of CCHFV (Bente,
Forrester et al. 2013). This has contributed to the emergence of 6-7 discrete CCHFV
lineages or clades, which have several labels assigned to them by various
investigators, including the designation by Atkinson et al who refer to them as Africa 1,
Africa 2, Africa 3, Asia 1, Asia 2, Europe 1 and Europe 2 (Atkinson, Chamberlain et al.
2012; Atkinson, Latham et al. 2012). These clades are thought to have arisen due to
the fact that CCHFV and its tick vectors are endemic in several different geographic
regions. Tick species have evolved separately in these regions as they have different
climates and vegetation. It is thought the co-evolution of CCHFV with region specific
ticks has resulted in the generation of many different local virus isolates, which gave
rise to the different clades (Bente, Forrester et al. 2013).

There is evidence that genetic reassortment occurs between different CCHFV
strains; the genome of CCHFV is tripartite and simultaneous infection of the same
host with multiple strains of CCHFV can result in the generation of viruses with novel
combinations of S, M and L segments (Hewson, Gmyl et al. 2004; Burt, Paweska et al.
2009). Reassortment is thought to occur within the tick host as ticks remain infected
with  CCHFV throughout their life spans, whereas replication of CCHFV within
mammals is transient and mammals are only viraemic for 1-2 weeks. It is therefore
more likely for a tick to become simultaneously infected with two different strains of
CCHFV to allow reassortment to occur (Davies, Jones et al. 1987; Jones, Davies et al.
1987). M segment reassortment is detected most frequently and it is thought that
viruses which contain an RdRp and N protein that have co-evolved together replicate
more efficiently than those viruses whose RdRp and N protein have not co-evolved
with each other (Chamberlain, Cook et al. 2005; Goedhals, Bester et al. 2014).

Genetic reassortment has the potential to create CCHFV strains with novel
phenotypes, such as an altered ability to be transmitted between vertebrate and tick
hosts, or an increased pathogenicity in humans; a phenomenon that has been

detected in other bunyaviruses. A recently detected member of the Orthobunyavirus
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genus has been associated with outbreaks of haemorrhagic fever in Somalia and
Kenya and was named Ngari virus (Bowen, Trappier et al. 2001; Gerrard, Li et al.
2004; Briese, Bird et al. 2006). Genetic analysis revealed Ngari virus was composed
of the M segment of Batai virus, and the S and L segments of Bunyamwera virus.
Iquitos virus (specifically the 1QT9924 strain) was associated with cases of febrile
illness in Peru and was shown to be a novel reassortment of the S and L segments of
Oropouche virus, genotype Il, and the M segment of a still unidentified Simbu-
serogroup virus (Aguilar, Barrett et al. 2011).

Long distance virus transport is thought to contribute to the genetic diversity of
CCHFV through the introduction of CCHFV strains to regions that were previously
naive to them. This increases the possibility that a vertebrate or tick host may become
simultaneously infected with two different strains of CCHFV and enables the possible
emergence of new virus strains through reassortment and recombination (Mild, Simon
et al. 2010). Evidence of long distance virus transport can be seen through the
analysis of CCHFV phylogenetic trees; these reveal that several clades contain virus
isolates with similar sequences that originate from very distant geographic regions.
Long distance movement of CCHFV strains is thought to occur when migratory birds
transport CCHFV infected ticks to different geographic regions, and through
international livestock trading between countries (Carroll, Bird et al. 2010; Mild, Simon
et al. 2010).

There is also evidence that recombination has taken place between CCHFV
strains; sequence alignment of genome segments reveals the interruption of the
nucleotide sequence of a particular CCHFV strain, and its replacement with the
sequence of a different strain, which suggests that strand exchange took place
through recombination between different CCHFV isolates (Hewson, Chamberlain et al.
2004; Lukashev 2005; Bente, Forrester et al. 2013).

1.1.7 CCHF symptoms and pathogenesis in humans

Humans become infected with CCHFV through several different routes, including
through the bite of an infected tick, by crushing an engorged infected tick or through
contact with the infected body fluids of a viraemic animal or human (Whitehouse 2004;
Bente, Forrester et al. 2013). Following an incubation period typically lasting 1-6 days
(however there have been reports of incubation periods lasting > 13 days (Kaya,
Engin et al. 2011)), the onset of symptoms of CCHF is rapid, and are typified by a
sudden onset of high fever (39-41 °C), headache, myalgia and arthralgia, fatigue, and
dizziness. The onset of symptoms may also include nausea, vomiting and diarrhoea.

This is known as the prehaemorrhagic phase and typically lasts 3-7 days. These initial
11



Chapter 1: Introduction

symptoms ar e someti mes descri beldi kes sddgEpgorainesId i n
2008) and are not specific to CCHF, therefore early misdiagnosis is common; it has
been estimated that ~2/3 patients with CCHF are initially misdiagnosed (Tasdelen
Fisgin, Doganci et al. 2010).

The haemorrhagic phase of infection follows in severe cases of CCHF,
frequently beginning with a petechial rash which develops into ecchymosis.
Uncontrolled bleeding from the gums and nose is common (gingival haemorrhage and
epistaxis) and is sometimes followed by haemorrhagic involvement of the airways,
gastrointestinal tract, brain and urinary tract. This haemorrhagic phase lasts 2-3 days,
and it is during this stage that patients die, often due to shock, haemorrhage, severe
liver necrosis and multi-organ failure (Burt, Swanepoel et al. 1997). For those who
survive, the final stage of CCHF disease is convalescence, which typically begins 10-
20 days after symptom onset and is lengthy, often involving clinical symptoms such as
breathing impairment, poor vision, loss of hearing, loss of memory, polyneuritis and
tachycardia. Fortunately these sequelae are scarcely ever permanent (Ergonul 2008;
Bente, Forrester et al. 2013; Zivcec, Safronetz et al. 2013).

Hallmarks of CCHFV infection include leukopenia, thrombocytopenia,
increased serum levels of proinflammatory cytokines and chemokines, and elevated
serum levels of liver enzymes (transaminase alanine aminotransferase or ALT) (Cevik,
Erbay et al. 2007). These, as well as high viral loads, increased clotting times and low
antibody titres correlate with disease severity, and can be used to predict a fatal
outcome in up to 90% cases (Ergonul, Tuncbilek et al. 2006; Papa, Bino et al. 2006;
Duh, Saksida et al. 2007; Cevik, Erbay et al. 2008; Weber and Mirazimi 2008; Onguru,
Dagdas et al. 2010; Saksida, Duh et al. 2010). A viral load of > 10° copies/mL is a
strong factor (p < 0.001) for differentiating CCHF patients who die from those who
survive (Cevik, Erbay et al. 2007). It has been suggested that the ability of CCHFV to
replicate to such high copy numbers in the blood may be a contributing factor to the
propensity of CCHFV to be transmitted nosocomially; other arboviruses such as
Dengue virus, which are not commonly transmitted nosocomially do not replicate to
such high levels (Chen and Wilson 2004). CCHF has been reported to be fatal in 5-
70% cases. This large range of case fatality rates has been attributed to several
different factors, including the mode of transmission, as well as improved diagnostics
and raised awareness of CCHF; this increases detection of mild cases of CCHF,
which may not present with haemorrhagic manifestations (Atkinson, Chamberlain et al.
2013).

Patients who die from CCHF generally have an absent or weak antibody
response and high levels of pro-inflammatory cytokines (Bente, Forrester et al. 2013).

Cytokines are important factors influencing the pathogenesis of viral haemorrhagic
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fevers and cytokine levels often correlate with disease severity. During the course of
CCHFV infection patient serum levels of TNFU (tumor necrosis factor alpha), IL-6
(interleukin 6) and IL-10 are elevated, however significantly higher levels of TNFU and
IL-6 are seen in patients with fatal outcome, than in non-fatal cases (Ergonul,

Tuncbilek et al. 2006; Papa, Bino et al. 2006). Other cytokines thought to play a role in

CCHF pathogenesis include IFN-o , -1IbL and-2;CCb i s a maj or

innate immune reactions and CCL-2 is a marker of severe disease in murine and
primate models of Ebola virus (Dinarello 1996; Geisbert, Hensley et al. 2003). It was
hypothesised that as CCHFV infects primarily macrophages and dendritic cells the
high levels of IFN-1 band CCL-2 expression enhances virus infection by recruiting
these cells to sites of inflammation at the beginning of the infection, enabling
increased CCHFV replication and dissemination (Bente, Alimonti et al. 2010;
Peyrefitte, Perret et al. 2010).

The pathogenesis resulting from CCHFV infection is still not completely
understood and a lot of what is known is derived from human case studies and some
in vitro experiments, as well as being extrapolated from what is known about other
haemorrhagic fever viruses. Hepatocytes, Kupffer cells, endothelial cells,
macrophages and dendritic cells are all targets for CCHFV infection (Burt, Swanepoel
et al. 1997; Peyrefitte, Perret et al. 2010). During severe CCHFV infection
erythrocytes and plasma leak from the vascular system into surrounding tissues
(Ergonul 2006; Karlberg, Tan et al. 2011). In the case of CCHF this vasculature
dysfunction is linked to endothelial cell destruction, which can lead to capillary fragility,
and can cause deregulated stimulation of platelet aggregation and degranulation,
which can impair the bloods ability to clot, and lead to haemorrhages through
activation of the intrinsic coagulation cascade (Schnittler and Feldmann 2003;
Karlberg, Tan et al. 2011). It is not known whether the destruction of endothelial cells
seen during CCHF is a direct result of CCHFV infection of these cells, or an indirect
consequence of virus induced host factors, such as high levels of pro-inflammatory
cytokines. A correlation has been observed between disease severity, vascular
leakage and the strength of the proinflammatory response during infection with other
haemorrhagic fever viruses (Bray and Mahanty 2003; Schnittler and Feldmann 2003;
Karlberg, Tan et al. 2011). In addition, varying degrees of hepatic damage have been
observed histopathologically in human CCHF patients, ranging from mild to more

severe necrosis (Joubert, King et al. 1985; Burt, Swanepoel et al. 1997).
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1.1.8 The CCHFV mouse model

In2010t wo di fferent transgenic mouse model s,
knockout mouse (IFN-U/ B’Rand a STAT1 (signal transducer and activator of
transcription 1 protein) knockout mouse, were evaluated for their ability to recapitulate
human CCHF disease (Bente, Alimonti et al. 2010; Bereczky, Lindegren et al. 2010).
The pathogenesis reported from the STAT-1 and IFN-U/ B Riouse models shows a
similar disease progression to human CCHFV infection, beginning with elevated body
temperature, and the detection of leukopenia and thrombocytopenia on day 1 post
infection. Increased serum levels of liver enzymes, such as liver transaminase alanine
aminotransferase (ALT) are also detected in CCHFV infected STAT-1 and IFN-U/ B R
mice, as well as a significant increase in serum levels of various proinflammatory
cytokines and chemokines.

Similar to fatal human cases of CCHF, high levels of viraemia were detected in
both mouse models by quantitative RT-PCR, reaching 7.32 x 10° GEQ/mL (genome
equivalents per mL) at day 3 post infection in the STAT 1 knock out mouse model
(Bente, Alimonti et al. 2010). In both mouse models immunohistochemical analysis
revealed the presence of viral antigen in the liver and spleen with hepatocytes,
Kupffer cells, occasionally the endothelial lining of sinusoids, and macrophages
staining positive (Zivcec, Safronetz et al. 2013). The intensity and the frequency of the
CCHFV antigen-positive cells in the liver increased until death, when severe liver
damage could be detected.

Evidence of haemorrhages were not detected in either mouse model, in
contrast to human disease, where haemorrhaging, especially intestinal
haemorrhaging is common. This may be linked to the rapid disease progression in
mice or differences in the murine and human coagulation cascades (Bente, Alimonti et
al. 2010). However, both mouse models faithfully reproduce major hallmarks of
human disease and currently represent the most appropriate animal models of CCHF,
despite the limitations of the model due to the impaired IFN and immune response

phenotypes (Bente, Alimonti et al. 2010; Bereczky, Lindegren et al. 2010).

1.1.9 The HAZV mouse model

The IFN-U/ B Rouse was also susceptible to HAZV infection, where a dose-
dependent, lethal disease similar to CCHF was observed (Dowall, Findlay-Wilson et al.
2012). Similar to CCHFV infection, all mice inoculated with the highest virus dose
(4x10" pfu) died, whereas wild type mice inoculated with this virus dose survived with

no clinical signs of disease. Consistent with CCHFV infected mice, the target organs
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of HAZV were also the liver and spleen; the highest viral titre was detected in these
organs day 3 post infection, and histopathological changes were observed in the liver
and spleen that were similar to those resulting from CCHFV infection (Dowall, Findlay-
Wilson et al. 2012). As HAZV infection of IFN-U/ B Rnice follows a similar disease
course to CCHFV, HAZV could be used as a model for CCHFV infection with the aim
of rapidly assessing potential therapeutics and vaccines against CCHFV, without
having to work under containment level 4 conditions (Dowall, Findlay-Wilson et al.
2012).

1.1.10 CCHF diagnosis, treatment and vaccine

CCHF is diagnosed through the detection of viral RNA in patient serum samples with
specific RT-PCR and quantitative RT-PCR assays. Enzyme linked immunosorbant
assays (ELISA) are also used to detect virus specific IgM or IgG antibodies (Bente,
Forrester et al. 2013). The most reliable method of diagnosis is considered to be
detection of viral RNA by RT-PCR however, as severely ill patients often fail to
develop an antibody response and therefore will not test positive in an ELISA
(Shepherd, Swanepoel et al. 1989; Burt, Leman et al. 1994). In addition, quantitative
RT-PCR provides a measurement of viral load and therefore also enables a prediction
of disease severity and likelihood of death (Saksida, Duh et al. 2010). A recently
developed RT-PCRassay targets a highl y nondranslaed
region of the viral S segment , t hat [
genome replication (Atkinson, Chamberlain et al. 2012). This RT-PCR assay is able to
detect virus strains in all 7 clades and allays concerns that a sequence specific
diagnostic assay may fail to detect all strains of CCHFV, based on the high genetic
diversity of the virus (Duh, Saksida et al. 2006).

The majority of people infected with CCHFV are either asymptomatic or
develop a nonspecific febrile illness that does not require hospitalisation; for those few
who fall severely ill treatment is largely supportive. Ribavirin has been used in the
treatment of CCHFV patients for decades and has been reported to be beneficial in
most cases, as long as it is administered early on during the course of infection
(Ergonul, Celikbas et al. 2004). However a recent review of human cases where
ribavirin was used to treat CCHF patients concluded that the quality of the evidence
was low, and a randomised clinical trial was unable to show that ribavirin treatment

had any significant effect on CCHF disease progression (Koksal, Yilmaz et al. 2010;

ved

p
reg

Soares-Weiser, Thomas et al. 2010). When admi ni stered to CCHFV

" mice, ribavirin prolonged the time until death, but did not prevent it (Oestereich,

Rieger et al. 2014). The efficacy of ribavirin treatment therefore remains unclear.
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CCHFV is considered to be interferon sensitive, and human IFN was administered to
6 patients during the Tygerberg outbreak in South Arica however no benefit was
observed (Joubert, King et al. 1985). There is therefore an urgent need to develop
novel therapeutics for CCHF. Th e | F'Nribusie Ras recently used to test the
efficacy of the drug T705 (favipiravir; currently in late stage clinical trials as an antiviral
against influenza virus infection) during CCHFV infection; T705 protected 100 % mice
against lethal challenge with CCHFV when administered 1 hr, or up to 2 days post
exposure (Oestereich, Rieger et al. 2014).

There is no vaccine available for CCHFV that has been licensed by the
European Medicines Agency, or the US Food and Drug Administration. A formalin
inactivated mouse-brain derived vaccine has however, been in use in Bulgaria since
the 19700s/Buga®Bidnd/42/81 viadtiee strain is administered to soldiers,
medical personnel and other high risk groups in endemic regions (Papa, Christova et
al. 2004; Papa, Papadimitriou et al. 2011). This vaccine effectively protected
inoculated individuals (CCHFV has never been reported in any vaccinated individuals)
however, controlled studies on the protective efficacy of this vaccine have not been
performed, and it is unlikely to gain widespread international approval due to its crude
preparation.

Recent efforts to develop a more effective vaccine have focused on using a
recombinant vaccine based on Modified Vaccinia virus Ankara (MVA), which is a
poxviral vector and can tolerate the insertion of the cDNA corresponding to the
CCHFV M segment (Buttigieg, Dowall et al. 2014). The CCHFV M segment encodes a
large polyprotein precursor, which is proteolytically cleaved to generate multiple
different protein products, including the mature glycoproteins Gy and Ge. The
recombinant MVA vaccine (MVA-GP)was tested in the redently
mouse model, and was shown to elicit both a cellular and humoral response against
CCHFV challenge. The MVA-GP vaccine candidate protected all o f the T FNU/ B
mice against lethal challenge with CCHFV, and it is hoped that the MVA-GP vaccine
could provide the basis for a novel CCHFV vaccine that can meet modern

international regulatory standards (Buttigieg, Dowall et al. 2014).
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1.2 THE VIRUS

1.2.1 Virion structure

The virions of CCHFV and HAZV are enveloped, spherical and approximately 80-100
nm in diameter (Martin, Lindsey-Regnery et al. 1985). The glycoproteins Gy and G¢
protrude though t he e npvrea joepcetldmm énaengtbn are
responsible for virions binding to cellular receptors, and are the targets for neutralising
antibodies (Bergeron, Vincent et al. 2007). The interior of the virions contain the viral
ribonucleoprotein particles (RNPs); as previously stated, the genome of CCHFV and
HAZV is encoded on 3 separate segments of negative sense RNA, termed the Large
(L), Medium (M), and Small (S) segments, named according to their relative lengths.
The RNA segments are encapsidated along their entire length by the nucleocapsid
protein (N) to form functional RNPs. Viral RNPs are thought to have at least one copy
of the viral RNA dependent RNA polymerase (RdRp, or L protein) associated with
them, to initiate transcription and genome replication in the host cell. The cytoplasmic
tails of the glycoproteins extend into the interior of the virion, and are thought to
interact directly with the RNPs; this interaction is thought to be essential for virus
assembly.

It is assumed that each infectious particle must contain at least one copy of
each of the RNPs. The RNPs within the virion are thought to be relatively unorganised
(in contrast to influenza for example, where the 8 RNPs generally maintain the same
array) which suggests that virion morphology is more likely to be dependent on lateral
interactions between Gy and G¢ heterodimers (Walter and Barr 2011). A schematic
representation of CCHFV and HAZV virions is depicted in Figure 1.4 (A). An electron
micrograph of HAZV (Figure 1.4 (B)) reveals the spherical morphology of these virions,
and their relative sizes (Clerx, Casals et al. 1981; Ellis, Southee et al. 1981; Martin,

Lindsey-Regnery et al. 1985).
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A

@ Nucleocapsid protein (N) P Glycoprotein G¢

RNA dependent RNA P Glycoprotein Gy
polymerase (L)

Figure 1.4 Schematic representation of CCHFV and HAZV virions and electron
micrograph of HAZV.

(A) Schematic representation of CCHFV and HAZV virions depicting the glycoprotein
spikes of Gy and G in the virus envelope, surrounding the 3 viral RNPs, with attached
L proteins. (B) Electron micrograph of HAZV virions, taken by (Clerx, Casals et al.
1981).

1.2.2 CCHFV and HAZV genome structure

One of the interesting features of segmented negative sense RNA viruses (SNSVs) is
the fact that their genomes are never found as naked RNA, but instead are always
encapsidated by the viral nucleocapsid protein (N) (Green, Cox et al. 2014). The three
genomic RNA segments possessed by CCHFV and HAZV are organised in a similar
fashion across all 5 genera of the Bunyaviridae family; each segment termini contains
36 &0 d-tramsiated regions (NTRs) that surround an open reading frame (ORF)
(Figure 1.5) (Walter and Barr 2011). In members of the same genus the length of
each RNA segment is similar, and the nucleotide sequence o f t he extr eme 3
termini of each segment is highly conserved and invariant (Table 1). All members of
the Nairovirus genus have the following nucleotides at t he extreme 36 ar
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each of the 3 gehAoGmeG UsUelgOnile AdCHITAABBA (Walter and
Barr 2011).
There is extensive nucleotide compleme nt ar ity between the 36
each segment, which interact with each other through canonical Watson-Crick base
pairing, to form an open circular panhandle structure. Bunyavirus RNA segments exist
as open circular molecules both within virus particles and infected cells (Pettersson
and von Bonsdorff 1975; Obijeski, Bishop et al. 1976; Raju and Kolakofsky 1989).
Adj acent to the complimentary, consaenrdv edd 11
termini, there are additional complementary nucleotide motifs, which are shorter, and
conserved only on a segment-specific basis. The interaction of the segment NTRs is
essential in order to initialise RNA synthesis, as the promoters for RNA synthesis are
thought to contain el emeng(KohlfDumetalb20G4h t he 50

3 NTR 5 NTR
v v
_—
N 3'NTR 5 NTR
v i
| M |
Gy/ G " 3'NTR 5 NTR
¥
| L
RdRp

Figure 1.5 Schematic representation of Nairovirus genomic segments.

The genomic segments of CCHFV and HAZV (S, M and L) encode the N protein, viral
glycoproteins Gy and G¢ and the RdRp, respectively. Each segment contains a single

ORF, represented by horizont al bl ack arrows,
possess both highly conserved 36 and 56 extr

well as non-conserved nucleotide sequences within the NTR regions (vertical arrows).

In contrasttothee xt r eme t er mi ni o f whithhskow Bigh seqquedce 56 NT
conservation, the internal nucleotides of the NTRs do not. There is much variation in
the nucleotides sequences of these regions both among viruses in the same genera,
and between genomic segments of the same virus (Walter and Barr 2011). Reverse
genetic analysis has shown that the NTRs contain cis acting elements that are

involved in regulating RNA synthesis and segment packaging for both BUNV and
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RVFV (Barr, Elliott et al. 2003; Gauliard, Billecocq et al. 2006). In BUNV it was shown

t hat 22 nucleotides at the genomic 36
within the unconserved regions of the segment NTRs were essential for infectious
virus replication (Lowen and Elliott 2005). This implies that although many of these
nucleotides are dispensable for virus replication, some sequences within segment
specific NTRs are important for virus replication and affect virus fithess. During BUNV
replication, the segment specific 3 6 equences were shown to mainly affect the
balance of replication and transcription, whereas segment specific sequences atthe 5 6
regions predominantly affected overall virus growth (Lowen and Elliott 2005; Walter
and Barr 2011).

Table 1. Features of Bunyavirus genome segments used for virus classification

Genus Consensus terminal Segment length (nts)
(prototype) sequences S M L
Nairovirus 3AGAGUUUCUEe
, ] 1712 4888 12255
(Dugbe virus) 5WCUCAAAGAE
Orthobunyavirus SWCAUACCAUGEé
, | 961 4458 6875
(Bunyamwera virus) 5AAGUAGUGUGCE
Phlebovirus 3WGUGUUUCEé
_ . 1690 3885 6404
(Rift Valley fever virus) 5ACACAAAGEé
Hantavirus 3AUCAUCAUCUG
. 1696 3616 6533
(Hantaan virus) 5UAGUAGUAUGC
Tospovirus 3YCUCGUUAE
- 2916 4821 8897
(Tomato spotted wilt virus) | 5-&A GAGCAAU¢é

Rearrangement of the NTRs and ORFs of different BUNV genomic segments results
in virus that cannot be rescued into infectious virus particles using the mini-genome
replicon system; the only tolerated combination is when the L segment ORF is flanked
by the M segment NTRs (MLM) (Lowen, Boyd et al. 2005). This suggests there is
some kind of interplay between the NTRs and the ORF; in the MLM recombination,
rescued virus had 100-fold decreased titres, and a greatly increased particle to plaque
forming unit ratio, indicating there may be a reduced incorporation of MLM segments
into infectious virus particles (Lowen, Boyd et al. 2005). The sequences at the
NTR/ORF boundaries may therefore play a role in segment packaging, similar to

Influenza packaging (Fujii, Goto et al. 2003; Fuijii, Fujii et al. 2005; Walter and Barr
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2011). Although not much is known about the specific NTR sequence requirements of
CCHFV and HAZV, they are likely to play a similar role to those of BUNV during the
virus replication cycle as organisation of the genomic segments is similar across the

Bunyaviridae family.

1.3 THE REPLICATION CYCLE OF CCHFV

The replication cycle of CCHFV and HAZV takes place in the cytoplasm of infected
cells. An overview of the CCHFV replication cycle is presented diagrammatically in
Figure 1.6, and is adapted from (Bente, Forrester et al. 2013). The following sections
describe the replication cycle of CCHFV; the replication cycle of HAZV has not been
well characterised but is thought to be fairly analogous.
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10
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Figure 1.6. Overview of the replication cycle of CCHFV

Following binding to cellular receptors (1), CCHFV entry is via clathrin mediated
endocytosis (2). CCHFV envelope fuses with early endosomal membranes to release
viral RNPs (3), which traffic to perinuclear regions where viral factories are thought to
form. Here, the genomic segments (VRNA) are transcribed to generate mRNA (4),
which is translated to synthesise viral proteins (5). Genomic segments are also
replicated to form complementary copies of the genomic segments (CRNA), which act
as a template for subsequent vVRNA production (4). vVRNAs are encapsidated by newly
synthesised N proteins to form RNPs (6). Once translated, viral glycoproteins Gy and
G traffic through the ER to the Golgi membrane (7), where they undergo extensive
post-translational processing (8). Assembly occurs when newly synthesised viral
RNPs interact with Gy and G¢, causing virions to bud into the Golgi cisternae (9).

Virions are released from the cell after trafficking through the secretory pathway (10).
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1.3.1 Virus entry and uncoating

CCHFV entry is mediated predominantly by G¢, which binds to cell surface nucleolin,
which has been shown to be essential for virus entry (Xiao, Feng et al. 2011).
Internalisation of CCHFV occurs through clathrin-dependent endocytosis; SiRNA
knock down of clathrin, or one of its essential adaptor proteins, AP2, results in
decreased CCHFV replication (Simon, Johansson et al. 2009). CCHFV entry is also
dependent on low pH and cholesterol; the use of bafilomycin A1 or NH,CI to inhibit
endosomal acidification, or methyl-b-cyclodextrin to reduce levels of cholesterol in
cells, results in a loss of CCHFV replication (Simon, Johansson et al. 2009; Garrison,
Radoshitzky et al. 2013).

Following cell entry, CCHFV virions fuse with early endosomal vesicle
membranes to release viral RNPs into the cytoplasm. It is thought that acidification of
early endocytic vesicles, which occurs as they bud from the plasma membrane and
mature into late endocytic vesicles, changes the conformation of CCHFV Gy and Ge,
allowing them to fuse with the endosomal membrane (Garrison, Radoshitzky et al.
2013). Efficient CCHFV replication relies on a functional Rab5 protein, rather than
Rab7, indicating that CCHFV fusion occurs in the early endosomes, not the late
endosomes, and the early endosomes rather than the late endosomes are important
for CCHFV trafficking (Garrison, Radoshitzky et al. 2013).

CCHFV internalisation is also dependent on intact, dynamic microtubules. It
was shown that in the first hour of CCHFV infection intact microtubules were required
for efficient early RNA synthesis; it is thought they are required not only for virus
internalisation, but also for subsequent transport of CCHFV virions or virion
components to sites of virus replication (Simon, Johansson et al. 2009). Upon
infection the N protein is trafficked to perinuclear regions in infected cells in an actin
dependent manner; these perinuclear regions are thought to be the sites of CCHFV
replication and virus factory formation (Andersson, Simon et al. 2004).

The mechanism of HAZV binding and internalisation is not known, however it
is likely to be fairly similar to CCHFV, given the similarities in both the virion
morphology and cell types targeted by these viruses.

1.3.2 RNA transcription and replication

Each encapsidated RNA segment within the virion must act as a template for two
different RNA synthesis activities; transcription to generate mRNA, and replication to
synthesise complementary copies of the full length genomic segments (cCRNA), that

subsequently act as templates for synthesis of viral genomic segments (VRNA)
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(Figure 1.7). These RNA products have a fundamentally different structure; the mRNA
i s extended at the 506 end relative to the
oligoribonucleotide stolen from host cell MRNAs, andt h e 38 truacated relative
to the genome template (Walter and Barr 2011).

Although there is little specific information concerning the mechanism of RNA
transcription and replication of CCHFV and HAZV, work with Dugbe virus, another
Nairovirus, reveals that the mechanism of mMRNA transcription initiation is similar in
Nairoviruses to other members of the Bunyaviridae family (Jin and Elliott 1993).
Therefore although the following section summarises what we know about
transcription and replication of other members of the Bunyaviridae family, we can infer
that the mechanisms employed by CCHFV and HAZV are similar.

Upon entry to an infected cell and transport to perinuclear regions, virus RNA
transcription and replication takes place in the cytoplasm. In the currently accepted
model, the first RNA synthesis eventistrans cr i pti on (o6pri mary tra
out by the template associated RdRp on the input RNA strand to generate 56 capped
MRNA (Walter and Barr 2011). The viral polymerase (L-protein) can only initiate RNA
synthesis once per segment, at the segment termini; it is thought this might be due to
the fact t hat sequences f r deminibcortribute ttohtee 3 6 a |
formation of a functional promoter (Kohl, Dunn et al. 2004). The L protein therefore
cannot re-initiate synthesis if RNA synthesis is prematurely terminated, and each
bunyavirus genomic RNA strand must encode a maximum of one transcription unit
(Walter and Barr 2011). This is in contrast to non-segmented negative sense RNA
viruses (nsNSVs, e.g respiratory syncytial virus, RSV), where following transcription of
each gene within the genomic RNA strand, the RNA polymerase terminates
transcription at the gene end, then re-initiates transcription again at the next gene

start site.
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Figure 1.7. Negative sense gene expression.
CCHFV and HAZV vRNA must act as a template for two distinct RNA synthesis

activities; transcription and replication.

Transcription initiation relies on primers that are generated from capped host cell

MRNAs, and is distinct from replication in this regard. The evidence of cap-snatching

for Dugbe virus (in addition to other members of the Bunyaviridae family) lies in the

discovery of heterogeneous non-v i r al RNA sequencetelDugbet he 5

virus S segment mRNA (Jin and Elliott 1993). These are an average of 10 nucleotides

in length, and are derived from host cell mMRNA when the L protein cleaves cellular

MRNA to steal the cap required for translation of viral mMRNAs (Reguera, Weber et al.

2010). The mechanism by which capped mRNAs are selected is unknown, however it

has been noted for Dugbe virus, as wel |l as

pri mer resembl eevirdl RNA (BnGandeliott 1983, vah Knippenberg,

Lamine et al. 2005). It could be that the L protein selects a specific subset of cellular

MRNASs to generate primers, specifically those that allow at least partial base pairing

with the 36 end oftisthdughttheRNA rti enrap laantde .r eal i gn

of transcription initiation then follows, which involves annealing the capped primer to

internal regions of t-mecl| 2@t INOR mwepdatn e

AUCAUCAUC-56) . Foll owing extension by the L pro
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primer slips backwards andre-al i gns with the 36 proximal tr
RNA (Garcin, Lezzi et al. 1995; Walter and Barr 2011). After a few cycles of prime and

realign, a longer complementary primer is generated. This could form a more stable
transcription complex that is more suitable for elongation, however the reason behind

employing the prime and realign mechanism is still unclear.

The 306 tbanyaniunimRNAsfare consistently truncated with respect to
the genomic RNA template, indicating there is some sort of transcription termination
signal in the template RNA. In the case of BUNV S segment this transcription
termination signal was shown to be around 33 nucleotides in length, and was located
i n t he (Bad RdddeR et al. 2006). A related sequence was identified in the L
segments 50 NTR that al so mappeNA iderestinglyl vy t o
the M segment 506 NTR di d ,nrasing tpeopsssildlisy shata s i mi
MRNA synthesis is terminated via a different mechanism. Bunyaviral mRNA is not
polyadenylated at the 3 6 t e hisicoutdi potenttally affect protein synthesis, as the
poly(A) tail is important for stability of mRNA transcripts, as well as recruitment of the
ribosomes for efficient translation. There is some evidence that in the case of BUNV
at |l east, nucl eoti de sequenc ganscripts furictlormally3 6 t er
replace the poly(A) tail through the formation of secondary structural elements, such
as a strong stem loop structure (Blakqgori, van Knippenberg et al. 2009; Walter and
Barr 2011). The sequence and the structure of t he
strikingly similar to thatofthe 36 end of cel | ywhichis disb poty@dn e mRN
deficient, possibly indicating that BUNV may have hijacked a pre-existing cellular
mechanism for poly(A) independent mRNA translation (Marzluff 1992). Little is known
about the RNA synthesis activities of RNPs of CCHFV and HAZV; however the overall
mechanism could be analogous.

Viral mRNA is not recognised and bound by the N protein. This is in contrast to
the cRNA, which is a full length copy of the viral genome, bound to multiple copies of
N along its length, and in some members of the bunyavirus genera (Phleboviruses
and Tospoviruses) can also act as a template to generate mRNA that encode non-
structural (NS) proteins. In some genera (for example the Phlebovirus RVFV) cRNA
segments are also packaged into virions to enable expression of NSs proteins
immediately upon entry to the host cell (Ikegami, Won et al. 2005). Viral mRNA on the
other hand, is not packaged into virions.

The promoters for transcription and replication of BUNV segments have been
mapped to distinct sets of nucl eoti dehe seque
segments. These nucleotide sequences are arranged so that the genomic strand NTR
contains signals for both transcription and replication of the segment, whereas the

cRNA strand only contains signals for replication of the segment (Barr, Elliott et al.
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2003; Flick, Katz et al. 2004; Kohl, Dunn et al. 2004; Gauliard, Billecocq et al. 2006).
After primary transcription has occurred, the viral polymerase switches to segment
RNA replication. The signal that initiates the switch to segment replication from mRNA
synthesis is poorly defined, and may be as a result of a change in the RdRp function
either through modification of the polymerase or its interaction with host-cell factors
(Walter and Barr 2011). It is assumed, however, that cytoplasmic N protein
concentration is also important for the switch from transcription to replication, as
sufficient N protein must be translated to encapsidate the newly synthesised cRNA
and VRNA segments (Reguera, Cusack et al. 2014). In contrast to mMRNA synthesis,
synthesis of cRNA is ini t i at ed using 50 n u dheerelaived e tr
abundance of each genomic segment varies within infected cells; nucleotide
sequences within the segment specific NTRs contain elements that influence the
relative abundance of each segment that is replicated. During BUNV infection, the
relative abundance of genome replication of the 3 segments is M>L>S (Barr, Elliott et
al. 2003).

The subcellular localisation of CCHFV cRNA and vRNA during infection has
been determined (Andersson, Henriksson et al. 2012). Simultaneous staining of the N
protein revealed that VRNA subcellular distribution is fairly diffuse in the cytoplasm,
only occasionally co-localising in areas where N assembled or aggregated. cRNA on
the other hand was greatly enriched in the CCHFV-N containing areas of the
cytoplasm, and co-localised extensively with the perinuclear N aggregates, rather than
having a more diffuse cytoplasmic distribution. The reason for the varying cytoplasmic
distribution of cRNA and vRNA is unknown, but may be related to their different roles

within the CCHFV replication cycle (Andersson, Henriksson et al. 2012).

1.3.3 CCHFV and HAZV assembly and egress

CCHFV and HAZV are thought to assemble and bud from perinuclear viral factories
that are built around the Golgi complex, in a similar manner to other members of the
Bunyaviridae family (Kuismanen, Hedman et al. 1982; Matsuoka, Chen et al. 1991;
Novoa, Calderita et al. 2005). This may be a result of the accumulation of the
structural glycoprotein heterodimer Gy and G¢in the membrane of the Golgi complex,
where they are trafficked for post-translational processing following synthesis in the
ER. Virion formation is thought to occur when viral RNPs traffic to the Golgi
membrane and interact with the cytoplasmic tails of Gy and G¢, which protrude into
the cytoplasm.

It is not known how CCHFV RNPs are transported to the Gy and G¢

heterodimers in the Golgi complex, however several components of the cytoskeletal
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system, including actin filaments and microtubules, are thought to be involved,
especially in N protein transportation (Andersson, Simon et al. 2004; Ramanathan,
Chung et al. 2007; Simon, Johansson et al. 2009). Depolymerisation of microtubules
affects CCHFV assembly, and results in a redistribution of both N and Gy, as well as
significantly reducing progeny virus release. Stabilisation of microtubules also results
in the accumulation of progeny virions in the cytoplasm, indicating a role for both
intact and dynamic microtubules in CCHFV egress (Simon, Johansson et al. 2009).

Once viral RNPs have trafficked to the Gy and G heterodimer in the Golgi
membrane they are thought to directly interact with the cytoplasmic tails of Gyand Ge,
as CCHFV does not encode any non-structural or matrix proteins that can mediate
this interaction. Recent structural studies of the cytoplasmic tail of CCHFV Gy
revealed it contained a dual CCHC-type zinc finger domain (Estrada and De Guzman
2011). The cytoplasmic tail of Gy was able to bind RNA, specifically RNA resembling
the hairpin-like M segment panhandle, raising the intriguing possibility that the
cytoplasmic tail of Gy may interact with the RNA component of the RNPs, rather than
the N protein (Estrada and De Guzman 2011). The concentration of structural
components of CCHFV in the vicinity of the Golgi membr ane wi thin a 6t
compartmentd is thought to drive the format.i
the cisternae of the Golgi complex. Virions are subsequently released along the

secretory pathway.

1.3.4 Proteins encoded by the CCHFV M segment

The CCHFV M segment possesses a single ORF that encodes a polyprotein
precursor of 1,689 amino acids. This polyprotein is co-translationally inserted into the
membrane of the rough endoplasmic reticulum (RER), where it undergoes a complex
series of cleavage events and post-translational modifications, both in the RER, and
as it migrates through the Golgi network. This results in the synthesis of multiple

protein products, which are summarised in Figure 1.8.
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Signal Signal
peptidase  Furin SKI-1/S1P peptidase  Unknown; like
| ] | ski-1/s1p
mucin gp38 Gy (37 kDa) NSm G (75 kDa)
pre-Gy (140 kDa) pre-G¢ (85 kDa)

Figure 1.8 Diagrammatic representation of CCHFV glycoprotein polypeptide

The CCHFV M OREF is initially translated as a large polyprotein that undergoes
complex processing by cellular proteases (listed above the polyprotein) to generate
the structural glycoproteins Gy and G¢ amongst other protein products (labelled on
the polyprotein).

The polyprotein precursor contains two distinct regions; the C terminal 1,441 residues,
which are highly conserved among CCHFV strains (91.6 % sequence identity) and the
N terminal 243-248 amino acids residues, which are highly variable (up to 56.4 %
sequence variation, |l abel | ed 6 mi).dhisrN&erniinal ddmiaig has neucirtk .
like features, including a high serine, threonine and proline content (up to 47.3 %) and
is predicted to be heavily O-glycosylated (Sanchez, Vincent et al. 2002). The
possession of a mucin-like domain is a unique feature among the Bunyaviridae family,
and notably, this mucin like domain resembles that present within the Ebola virus
glycoprotein, which is predicted to play an important role in immune evasion
(Simmons, Wool-Lewis et al. 2002). Interestingly, analysis of the efficacy of a novel
CCHFV vaccine which uses the M segment ORF revealed that a large part of the
cellular immune response detected in protected mice mapped to epitope regions in
the non-structural regions of the M segment polyprotein, including the mucin-like
domain (Buttigieg, Dowall et al. 2014).

The main structural proteins derived from the M segment are the membrane
bound glycoproteins Gy and G¢, which are found inserted in the viral envelope. Gy is
37 kDa, and G¢ is 75 kDa, and both are initially produced by cleavage of the
polyprotein to generate a 140 kDa pre-Gy precursor, and an 85 kDa pre-G¢ precursor.
Cleavage of pre-Gy at a conserved tetrapeptide RRLLs;9 motif by the protease SKI-
1/S1P releases Gy from pre-Gy; this cleavage is essential for infectious virus release;
cells deficient in SKI-1/S1P are susceptible to infection with CCHFV, but infectious
particles are not released by these cells (Bergeron, Vincent et al. 2007, Vincent,

Sanchez et al. 2003). G¢ is cleaved from pre-Gc at the conserved RKPLjp40 mMotif,
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which closely resembles the motif recognised by SKI-1/S1P, however the protease
involved in this cleavage remains unknown (Bergeron, Vincent et al. 2007, Vincent,
Sanchez et al. 2003). During infection both Gy and G¢ localise to the Golgi complex,
however only Gy contains the Golgi localisation signal; heterodimerisation of Gy and
Gc is required for the Golgi localisation of G¢ (Bertolotti-Ciarlet, Smith et al. 2005).
Both Gy and G¢ undergo N-linked glycosylation, Gy is N-linked glycosylated at one site
on its ectodomain (557N) and G is glycosylated at two sites on its ectodomain
(1054N and 1563N) (Erickson, Deyde et al. 2007). Antibodies targeting G¢ were able
to neutralise CCHFV prior to infection, but antibodies directed against Gy could not,
indicating that G¢ is involved in recognising and binding to cellular receptors
(Bertolotti-Ciarlet, Smith et al. 2005).

Other viral proteins generated by M ORF polyprotein cleavage include GP38
and a non-structural protein designated NSm (Sanchez, Vincent et al. 2006, Altamura,
Bertolotti-Ciarlet et al. 2007). The function of GP38, NSm and the mucin-like domain
during the virus replication cycle are not known; these proteins could not be detected
in partially purified virions, indicating they are not structural proteins required for virion

formation.

1.3.5 Proteins encoded by the HAZV M segment

Fewer studies have investigated the proteins encoded by the HAZV M segment ORF.
Similar to CCHFV, HAZV also encodes at least two glycoproteins of ~75 kDa and ~30
kDa, which are embedded in the virus envelope (Clerx, Casals et al. 1981; Foulke,
Rosato et al. 1981). There is some evidence to suggest that HAZV may also encode a
third envelope glycoprotein, of ~45 kDa (Foulke, Rosato et al. 1981); however Clerx et
al do not report the detection of this third envelope glycoprotein, therefore further work

needs to be carried out to resolve this point.

1.3.6 Proteins encoded by the L segment

The L segment of CCHFV and HAZV encodes the viral RNA dependent RNA
polymerase (RdRp), or L protein, whose function is to both transcribe and replicate
genomic RNA segments. The nairovirus L protein is considerably larger than the L
protein of other bunyaviruses; the full length protein has an approximate molecular
weight of 448 kDa. The full length L protein possesses the core catalytic domains
common to all viral RdRps; pre-A, A, B, C and D, in addition to a motif specific for all
sNSVs, termed region E, that together make up the polymerase module (Muller, Poch

et al. 1994; Walter and Barr 2011). The L proteins of nairoviruses also encode
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additional sequences, predominantly at their N termini, that perform as yet
uncharacterised functions. In the case of CCHFV, some of these additional regions
show some homology with known transcription factor, gyrase, helicase, and
topoisomerase domains (Honig, Osborne et al. 2004; Kinsella, Martin et al. 2004).

Additionally, some of these N-terminal nairovirus specific sequences show
strong similarity to cysteine proteases within the ovarian tumor (OTU) super-family
and the L protein of CCHFV and Dugbe virus possesses OTU-like protease activity
(Frias-Staheli, Giannakopoulos et al. 2007). The viral OTU (vOTU) protease domain
of CCHFV L directly deconjugates ubiquitin and 1SG15 from their target proteins in
vitro and in cell culture, resulting in an overall decrease in the amount of ubiquitinated
or ISG15 conjugated proteins in cells (Frias-Staheli, Giannakopoulos et al. 2007).
Furthermore, this deconjugation of ubiquitin and 1SG15 results in antagonism of the
innate antiviral response, both through directly abrogating the antiviral effects of
ISG15, which are mediated through its ability to conjugate to target proteins, and
though interference with any immune pathways that are regulated by ubiquitination.
The NF-¢<B dependent antiviral signalling pathway is regulated by ubiquitination for
example, and upon L protein expression, nuclear translocation of endogenous p65 is
inhibited, thus expression of antiviral genes under the control of the NF-«<B promoter
does not occur (Frias-Staheli, Giannakopoulos et al. 2007).

Interestingly cellular OTU-domain containing proteases only deconjugate
ubiquitin, not ISG15. The molecular basis for the ability of vOTU proteases to cleave
both substrates was recently revealed though structural analysis of CCHFV OTU-
domain with either ubiquitin or ISG15 covalently bound in the active site (Akutsu, Ye
et al. 2011; James, Frias-Staheli et al. 2011) (Figure 1.9).

It has been proposed that the OTU-like protease domain may cleave the
CCHFV L protein autoproteolytically to release both the polymerase as well as various
other proteins that are required to carry out transcription and replication of the viral
genome. Such a mechanism has been described for the equine arteritis virus (EAV)
nsp2 protein, which is an OTU-like protease with dual purpose; nsp2 cleaves the viral
polyprotein to release individual proteins, and also deconjugates ubiquitin and 1SG15
from cellular proteins to interfere with innate antiviral signalling pathways, and
suppress the innate immune response (Frias-Staheli, Giannakopoulos et al. 2007; van
Kasteren, Bailey-Elkin et al. 2013). However, the CCHFV vOTU domain is not
necessary for efficient transcription and replication of the CCHFV genome, as deletion
of this domain did not affect the activity of the L-protein in a CCHFV minireplicon
assay (Bergeron, Albarino et al. 2010). This implies that the CCHFV vOTU is not
required for polyprotein processing of the L protein to generate an efficient RNA

polymerase.
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CCHFV ) 9 Regiont Region1
OTU domain  jA- AN

Figure 1.9 Crystal structure of vOTU domain of CCHFV L protein in complex
with ubiquitin or ISG15

Taken from (James, Frias-Staheli et al. 2011). Crystal structure of CCHFV vOTU
(cyan) bound to ubiquitin (orange) or ISG15 (green). In both cases ribbon diagrams of
the complex highlight the 3 main regions of interaction between ubiquitin or 1ISG15,
and the vOTU domain of CCHFV L protein. The C-terminal ubiquitin like domain of
ISG15 binds the substrate binding groove of the protease in an analogous manner to

ubiquitin.

It was recently shown that the N terminal domain of the LACV L protein encodes a
cap snatching endonuclease with very close structural and biochemical features to
that of the N terminal domain of the influenza virus polymerase PA subunit (Reguera,
Weber et al. 2010). Mutational analysis revealed that this endonuclease activity was
essential for efficient transcription of LACV mRNA, and the endonuclease activity was
inhibited by DPBA, a drug that targets the influenza endonuclease. Sequence
alignment with other members of the Bunyaviridae family indicated the endonuclease
active site motif (typically composed of 5 potentially catalytic amino acid residues; H34,
D52, D79, D92, and K94) is conserved among members of the Orthobunyavirus,
Phlebovirus, Hantavirus and Tospovirus genus (Reguera, Weber et al. 2010).
Although the nairoviruses were not included in this original alignment, they were found
to possess a putative endonuclease motif of the Phlebo/Hanta/Orthomyxo type in the
residue range 6301 710, in the case of CCHFV. However, endonuclease activity of the

CCHFV L protein needs to be confirmed with structural and functional data, and it
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should be noted that although the cap snatching endonuclease activity of CCHFV
could possibly be attributed to this domain in the L protein, there is no evidence as yet

that the L protein also contains the cap binding site.

1.4 PROTEINS ENCODED BY THE S SEGMENT: CCHFV N AND HAZV N

The S segment of CCHFV and HAZV encodes the nucleocapsid protein (N), often the
most highly abundant structural protein present in infectious virions. CCHFV N and
HAZV N are significantly larger than the N proteins of most other Bunyaviridae family
members, apart from members of the Hantavirus genus (Table 1). The best
characterised role of N is to bind to viral RNA to form functional RNPs, which are
essential for both transcription and replication of the viral genome, by analogy with
other bunyaviruses. One of the unique features of NSVs is the fact that RNPs, not
naked genomic RNA segments, are used as a template for viral RNA synthesis
(Green, Cox et al. 2014). Multiple copies of CCHFV N are proposed to interact with
viral RNA along the length of the genome or anti-genome segments, possibly via

homotypic interactions between adjacent monomers in a 6 h etaai | 6 (Wang,ner

Dutta et al. 2012).

By encapsidating the viral genome or anti genome, but not the viral mMRNA or
cellular RNA, it is thought N protects the viral genome from degradation, helps avoid
the formation of dsRNA structures between viral RNA strands of opposite polarity, and
compacts the viral RNA into RNPs (Reguera, Cusack et al. 2014). It is thought
genome encapsidation and RNP assembly occurs concurrently with genome
synthesis; this property is thought to be one way of ensuring that only genomic or anti-
genomic RNA is packaged into virions during assembly, rather than viral or cellular
MRNA (Reguera, Cusack et al. 2014). RNP assembly of N with nascent genome or
anti-genome strands is thought to be initat ed at t he RNA 506 t
conserved sequences, other than those in the NTRs, that could serve as initiation
sites for N-assembly (Osborne and Elliott 2000; Reguera, Cusack et al. 2014).

Extensive analysis of N proteins and RNPs from multiple members of both the
segmented NSVs (sNSVs) and non-segmented NSVs (nsNSVs), reveals the N
proteins and RNPs of these two groups of viruses have fundamentally different
properties (Reguera, Cusack et al. 2014). The RNPs of SNSVs are highly flexible and
are able to adopt a number of different conformations (Young and Howard 1983). The
flexibility of the SNSV RNPs has been proposed to be required for multiple stages of
the virus replication cycle; the inherent flexibility of the N:RNA chains may be

essential in enabling the complementary terminal sequences of each genomic RNA
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strand to find each other and anneal during genome replication, for example (Reguera,
Cusack et al. 2014).

In general, the nucleocapsid proteins of sNSVs are structurally diverse; they
do not share similar folds in their domains. However, they do all possess at least 2
separate domains; an RNA binding domain, and another domain that mediates
oligomerisation between neighbouring monomers. These domains are linked by highly
flexible hinge regions that allows N proteins to adopt a number of different
conformations, enabling the formation of RNP assemblies with variable geometries
(Reguera, Cusack et al. 2014).

The bunyavirus N protein is multifunctional, and in addition to encapsidating
viral RNA, N has other critical functions within the virus replication cycle; N interacts
with both the viral L protein during RNA synthesis (Eifan and Elliott 2009), and the
virus glycoproteins (Gy and G¢) during virus assembly and budding (Overby,
Pettersson et al. 2007; Overby, Popov et al. 2007; Ribeiro, Borst et al. 2009). It is
thought that interaction of the L protein with N induces local conformational changes
in N that allow it to release the RNA genome temporarily, so it can be used as a
template for RNA synthesis by the L protein. As the L protein then continues
downstream RNA synthesis, it is thought N re-encapsidates the viral RNA to avoid the
formation of dsRNA intermediates (Green, Cox et al. 2014).

The S segment of members of other bunyavirus genera encode additional
non-structural proteins, either using a negative sense coding strategy and a second
ORF (orthobunyaviruses) or the NSs protein ORFs are transcribed as mRNAs from
positive sense templates (phleboviruses and tospoviruses) (Elliott 2014). Bunyavirus
NSs proteins are generally thought to be interferon antagonists that enhance virus
pathogenicity (Weber, Bridgen et al. 2002; Hollidge, Weiss et al. 2011; Eifan,
Schnettler et al. 2013). There is no evidence of the CCHFV or HAZV S segment
expressing any non-structural protein product, although the CCHFV S segment does
encode an additional open reading frame in the positive sense orientation that is

conserved in almost all CCHFV strains (Hewson, Chamberlain et al. 2004).

1.4.1 The crystal structure of CCHFV N

The crystal structure of several different strains of the CCHFV N protein have been
determined. The YL04057 strain was solved to a resolution of 2.3 A by (Guo, Wang et
al. 2012), the Baghdad-12 strain to a resolution of 2.1 A by (Carter, Surtees et al.
2012), and the IbAr10200 strain to 3.1 A by (Wang, Dutta et al. 2012). In all cases the
structure of the full length protein was determined (residues 1-482) and consistent

with other sSNSVs, CCHFV N possesses two domains; a globular domain and an arm
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domain; the arm domain is flexible and free to adopt a number of different positions. In
the Baghdad-12 strain the globular domain comprises 23 alpha helices from both the
N and the C terminus etferMi MU, t@andl1018f tbh
terminus), where the C terminal alpha helices are located in the core of the globular
domain, and are surrounded by alpha helices from the N-terminus (helices are
numbered according to Figure 1.10 (B)) (Carter, Surtees et al. 2012). The arm domain
comprises two | ong al ph aextemdlawvay fmn the gldbblar and U
domain and have a loop at the apex that is supported by asmall3-h el i x bundl e (
t o URigude 1.10) (Carter, Surtees et al. 2012). Figure 1.10 (B) also shows the
primary sequence alignment between strains YL04057 and Baghdad-12, and the
conserved caspases-3 cleavage motif on the apex of the arm domain is highlighted in

(B).

35



Chapter 1: Introduction

A

Figure 1.10 Crystal structure of CCHFV N Baghdad-12 strain, and primary
sequence alighment of YL04057 and Baghdad-12 strains

Taken from (Carter, Surtees et al. 2012). (A) Crystal structure of CCHFV N Baghdad-
12 strain with the N terminus shown in grey, the C-terminus blue, and the extended
arm domain in purple. The N and C-termini are highlighted by red and yellow balls,
respectively. (B) primary sequence alignment of YL04057 and Baghdad-12 strains
with alpha helices numbered accordingly.

In both the YL04057 and Baghdad-12 strain only 474 of the 482 residues were able to
be built into the model; residues 183-191 form a disordered loop that is missing in
electron density. In the IbAr10200 structure this flexible loop is visible in only one of
the three monomers in the asymmetric unit, in the other two it remains disordered,
with no detectable electron density (Wang, Dutta et al. 2012). This disordered loop
links the arm domain to the globular domain, and it has been hypothesised that the
loop could become ordered upon RNA binding, and therefore the arm domain may
6gated RNA binding, in a si mil a(FerranaLneba.r
2011; Hastie, Liu et al. 2011; Carter, Surtees et al. 2012). Analysis of the electrostatic
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surface potential of all three structures revealed two positively charged surfaces that
were proposed to be involved in RNA binding (Figure 1.11). One positively charged
patch is on the surface of N, adjacent to the arm domain and is termed the platform.
The other is a crevice that channels between the base of the globular domain and the
beginning of the arm domain, in a region similar to where RNA binds in the LASV N
terminal domain (Figure 1.13) (Wang, Dutta et al. 2012). However, these structures
were all devoid of RNA and attempts to co-crystallise purified CCHFV N with short
sequences of RNA were unsuccessful, thus the RNA binding domain of CCHFV N

remains unidentified.

platform

crevice

Figure 1.11 Surface electrostatic potential of CCHFV N
Taken from (Carter, Surtees et al. 2012). Surface electrostatic potential of CCHFV N
reveals areas of positive charge (blue) and negative charge (red), and two possible

RNA binding regions termed the 6platformd an

The globular domains of all three CCHFV N structures are very similar, for example
comparison of the YL04057 and Baghdad-12 strains reveals the globular domains
superpose very closely on one anot(RM8D)is t he C
0.975 A for 357 residues with 92.16 % sequence identity (Carter, Surtees et al. 2012).
The arm domains of these strains also contain the same fold and superpose closely
on one another ( C U RMSD of 0.642 i % ideity),rhewevedtiee s |, 77
position of the arm domain is different in the two structures. The arm is rotated by
about 180 °, and the apex of the loop is shifted by a distance of 39.59 A in the
YLO04057 strain compared to the Baghdad-12 strain (Carter, Surtees et al. 2012). This
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change in the arm domain position could be a result of amino acid differences
between the strains. Alternatively, given that the arm domain and globular domain are
|l inked by a single U helix, which is
visible in electron density, the arm domain could be fairly flexible, and might be free to
adopt several different conformations (Carter, Surtees et al. 2012). It is not known
whether the change in the position of the arm domain is involved in N multimerisation,
or whether the RNA binding ability of the respective proteins is affected by the position
of the arm domain, as this might alter the distribution of electrostatic surface potential
(Carter, Surtees et al. 2012).

Structural alignment (superposition) of CCHFV N with RVFV N (a member of
the Phlebovirus genus), revealed very little structural similarity between their globular
domains, and no similarity at all was detected between their arm domains. Instead,
the greatest structural similarity was observed between CCHFV N and the N terminal
domain of Lassa virus (LASV) N, a member of the Arenaviridae family. The N terminal
domain of LASV N, comprising residues 1-340 (the RNA binding domain of LASV N),
when structurally aligned with the globular domain of CCHFV N, had a C URMSD of
3.38 A for 237 residues with 8.01% sequence identity (Carter, Surtees et al. 2012).
Interestingly this suggests that despite CCHFV and RVFV both being classified as
members of the Bunyaviridae family, CCHFV is more closely related to the arenavirus
LASV than RVFV. This suggestion is supported both by a phylogenetic analysis of the
L and N sequences from sNSVs, which suggests that nairoviruses are more closely
related to arenaviruses then other members of the Bunyaviridae family (Carter,
Surtees et al. 2012), and also the fact that nairoviruses and arenaviruses share
elements of their replication cycles that are unique to nairoviruses within the
Bunyaviridae family, such as their reliance on cellular SKI-1/S1P protease to process
their glycoprotein precursors (Lenz, ter Meulen et al. 2001; Vincent, Sanchez et al.
2003).

1.4.2 Potential multimerisation mechanism of CCHFV N

In all three studies, purified CCHFV N was mainly monomeric, although (Wang, Dutta
et al. 2012) also reported the existence of higher order structures. These higher
ordered oligomers (apparent MW over 300 kDa) had OD,0/OD2g ratios of 1.49, which
is consistent with them containing nucleic acid (presumably RNA) (Wang, Dutta et al.
2012). In contrast the reported monomeric N (apparent MW approximately 53 kDa)
was apparently devoid of bound nucleic acid, having an OD,5/ODyg ratio of 0.69.
Wang et al did not crystallise the higher ordered structures with bound nucleic acid,

however they did observe antiparallel double superhelical polymers of CCHFV N
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within crystals of monomeric N. Crystallisation of monomeric N in solution and the
subsequent formation of higher ordered structures and oligomers in crystals is not
uncommon i for example the monomeric form of RVFV N once crystallised forms
hexameric rings, as well as other oligomeric structures (Ferron, Li et al. 2011). It is
thought that while free in solution the presence of RNA may be required to stabilise
the interactions between monomers, however the much greater concentration of N
during crystallisation trials and within crystals may drive N proteins to form larger,
more stable oligomers (Wang, Dutta et al. 2012).

CCHFV N formed long helical structures in crystals where N monomers were
organi sed -toihaial @®hmadner , with the [ oop
directly interacting with the base of the globular domain of an adjacent monomer
(Wang, Dutta et al. 2012). Although these polymeric structures could just be the result
of crystallographic packing artefacts, they could also represent the physiological
organisation of CCHFV RNPs. Wang et al also propose a model for the mechanism of
RNA transcription from the RNP templates. They were able to show that incubation of
CCHFV N with short, primer length (16-21 nucleotides) ssRNA induced a
conformational change in N, causing the arm domain to rotate away from the globular
domain such that N could no longer take part in multimerisation. They propose that
this disruption causes the release of monomeric CCHFV N from higher ordered
structures. Wang et al further propose that during transcription the presentation of
capped, primer length ssRNA stolen from host cell mRNAs, to CCHFV RNPs would
induce a similar conformational change in N, causing the release monomeric N and

exposing VRNA to the RdRp for transcription (Wang, Dutta et al. 2012).

1.4.3 Cap-binding and endonuclease potential of CCHFV N

CCHFV N does not bind mRNA cap analogues (m7G, m7Gp or m7Gppp), and is
therefore unlikely to be responsible for cellular mMRNA cap shatching during the virus
replication cycle (Guo, Wang et al. 2012). Guo et al did however show that CCHFV N
bound single stranded RNA (ssRNA) with a very weak affinity, and that N possessed
divalent-cation dependent, DNA specific, endonuclease activity (Guo, Wang et al.
2012). This is somewhat surprising; CCHFV N is so far the only sSNSV N protein that
has been attributed with DNA specific endonuclease activity, although the C-terminal
domain of LASV N (not the domain that CCHFV N shares a strong structural similarity
with) has been shown to possessadsRNA spebibf exodd cl Q@i,1an
et al. 2010; Hastie, Kimberlin et al. 2011). The possible function of the endonuclease
activity of CCHFV N within the replication cycle of CCHFV remains to be determined.

The weak binding affinity of NSV nucleocapsid proteins for ssRNA in vitro has
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previously been reported despite the function of N being RNA binding during the virus

replication cycle (Ferron, Li et al. 2011).

1.4.4 Cleavage of CCHFV N by active caspase-3

The crystal structure of CCHFV N also reveals the position of the DEVD motif which is
cleaved by activated caspase-3 during apoptosis in CCHFV infected cells (Karlberg,
Tan et al. 2011). The DEVD motif is located on the loop at the apex of the arm domain,
in a position that is theoretically easily accessible by proteases. Recombinant CCHFV
N is cleaved in vitro, resulting in the generation of 2 fragments of N of approximately
30 kDa and 24 kDa. In vitro cleavage of N is not very efficient; incomplete cleavage of
N is observed after overnight incubation of N with recombinant caspase-3 in
equimolar ratios, and this reflects cleavage in infected cells, where only a small
proportion of N is cleaved (Karlberg, Tan et al. 2011; Carter, Surtees et al. 2012). It is
possible that oligomerisation of CCHFV N completely obscures the DEVD motif, as it
is thought the loop of the arm domain directly interacts with the base of the adjacent
globular domain, suggesting that only monomeric N would be an available substrate
for activated caspase-3. This might explain the slow rate of caspase-3 cleavage;
indeed incubation of CCHFV N with primer length ssRNA, which disrupts the
multimeric structure and releases monomeric N, increases the efficiency of CCHFV N
cleavage by caspase-3 (Wang, Dutta et al. 2012).

Following cleavage by activated caspase-3, size exclusion chromatography
analysis indicates that the two fragments of CCHFV N remain bound to each other,
and the monomer remains intact as a single unit (Carter, Surtees et al. 2012). This
suggests that caspase cleavage of CCHFV N may not affect protein function;
alternatively cleaved CCHFV N may have an altered tertiary or quaternary structure
which may affect its function (Carter, Surtees et al. 2012). Analysis of N function in a
CCHFV mini-genome replicon system, using mutated CCHFV N possessing a
DEV(E/G) motif that cannot be cleaved by caspase-3, has conflicting results. (Wang,
Dutta et al. 2012) report an increase in RdRp function, indicating cleavage by
caspase-3 is detrimental to CCHFV replication, (Carter, Surtees et al. 2012) report no
difference in the level of reporter gene expression. The exact function of caspase-3

cleavage of N during the replication cycle of CCHFV remains to be determined.

1.4.5 Cellular binding partners of CCHFV N

CCHFV N has been shown to interact with the interferon (IFN) inducible protein Mx1

and the cytoskeletal protein actin (Andersson, Bladh et al. 2004; Andersson, Simon et
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al. 2004). During infection N localises to perinuclear regions in infected cells; initially N
is expressed in a small granular pattern in the cytoplasm, and is then targeted to
perinuclear regions in the first 8 hrs after infection (Andersson, Simon et al. 2004).
This perinuclear staining was not associated with the Golgi membrane, and was
shown to be dependent on the presence of intact actin filaments; disruption of actin
filaments with cytochalasin D resulted in a much more granular cytoplasmic
distribution of N (Andersson, Simon et al. 2004). Actin also co-immunoprecipitated
with N from CCHFV infected cells. An 80-97 % reduction in viral titre was observed
when cells were treated with cytochalasin D (1 or 10 pg/mL) implying that actin
filaments may be involved in or enhance virus assembly or release (Andersson,
Simon et al. 2004).

Mx1 binds to CCHFV N during infection; Mx1 co-immunoprecipitates with N
from infected cells, and co-localises with N in large perinuclear inclusions (Andersson,
Bladh et al. 2004). Mx1 inhibits the replication of CCHFV; expression of Mx1 in Vero
cells results in a significant reduction in CCHFV titre, and during IFN-mediated
inhibition of CCHFV replication, Mx1 was shown to be an important effecter protein
(Andersson, Lundkvist et al. 2006). Mx1 belongs to the dynamin family of large
GTPases and its expression is induced exclusively by IFN U and IFN b. Mx1
expression also has an inhibitory effect on the replication of viruses from multiple
different families; within the Bunyaviridae family Mx1 was shown to inhibit the
replication of Dugbe virus, a member of the Nairobi sheep disease serogroup, as well
as members of the Hantavirus and Phlebovirus genera (Frese, Kochs et al. 1996;
Kanerva, Melen et al. 1996).

In the case of CCHFV it is thought the interaction of Mx1 with N might
sequester N away from sites of active virus replication, preventing N from fully
participating in the virus replication cycle (Andersson, Bladh et al. 2004). Alternatively
Mx1 might interact with N in the context of the RNPs or capsid-like structures and
prevent their functions. Mx1 did not interfere with the early stages of CCHFV entry, S
segment transcription and N protein translation (up to 12 hrs post infection), but rather
seemed to inhibit virus genome replication. RT-PCR analysis revealed a reduction in
VRNA, and a similar loss in virus titre as new infectious particles could not form
(Andersson, Bladh et al. 2004).
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1.4.6 Comparison between CCHFV N and HAZV N

Alignment of the nucleotide sequences of CCHFV and HAZV S segments reveals
slight differencesintheirov er al | l ength and t he [(Table@t h of
The nucleotide sequence homology between CCHFV N and HAZV N ORFs is 49.7 %.

Table 2. Comparison between CCHFV and HAZV S segments
Comparison between CCHFV and HAZV S segments reveals slight differences in

segment and NTR length. Data was acquired from (Marriott and Nuttall 1992).

Overall segment | 56 NTR 36 NTR Size of N
length (nts) (nts) (nts) protein
482 aa
CCHFV 1672 55 171
(53.966 kDa)
485 aa
HAZV 1677 82 140
(54.186 kDa)

The amino acid sequences of CCHFV N and HAZV N proteins are more highly
conserved, sharing an overall 60% amino acid sequence identity (Figure 1.12); HAZV
N encodes 3 extra amino acids in comparison to CCHFV N. It is thought HAZV N and
CCHFV N perform the same function in their virus replication cycles; although very
few studies have investigated HAZV N, HAZV N has been found associated with RNA
in purified viral RNPs, presumably encapsidating viral RNA in a similar manner to
CCHFV N (Clerx, Casals et al. 1981; Foulke, Rosato et al. 1981). Interestingly in the
study performed by Foulke et al, HAZV RNPs co-sedimented with small amounts of
Gec, possibly implying the interaction between the RNPs and G is stronger than the
interaction between the RNPs and Gy.
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HAZV AST E F YKQFAEKHKENNKY EI TYKY 60
CCHFV R FEE KGNG DTF FVFQ S TD 60
HAZV DSD! TET 120
CCHFV --AGERIKSWDES TE 118
HAZV SIGEY SIEK TVINNI 180
CCHFV KI QLTG SNK IVMS 178
skk kg

HAZV RII SBD S LN K P 240
CCHFV L GDENP- H A SEGRSGI 237
HAZV SIAQ KEN DKAEDLLKGVRESYKT 300
CCHFV GIF LDKH SADSMITNLLKHI 297
HAZV S KGO Q IN 360
CCHFV S T K S 357
HAZV REI DETE S Is TS K 420
CCHFV K SEQQ I vC I SI R 417
HAZV K G IESS I YDEES I 480
CCHFV N N TEVK Vi FNIOQD \Y 477
HAZV NI 485

CCHFV S 482

Figure 1.12 Amino acid sequence alignment of CCHFV N and HAZV N.
Conserved amino acid residues between CCHFV N and HAZV N are highlighted in

green. These proteins share an overall 60% amino acid sequence identity; HAZV N

encodes 3 extra amino acids. Alignment was generated with ClustalW.

1.5 THE N PROTEIN STRUCTURE OF RELATED VIRUSES

The crystal structures of the N proteins of many sNSVs have been determined, both
with and without RNA bound. These include N proteins from the orthomyxoviruses;
Influenza A and B (Ye, Krug et al. 2006) (Ng, Lam et al. 2012), and Infectious Salmon
Anaemia virus (Zheng, Olson et al. 2013). Within the Bunyaviridae family, the
structure of N proteins from members of the Phlebovirus genus RVFV (Raymond,
Piper et al. 2010; Ferron, Li et al. 2011; Raymond, Piper et al. 2012) and Severe fever
with thrombocytopenia syndrome virus, SFTSV (Jiao, Ouyang et al. 2013; Zhou, Sun

43



Chapter 1: Introduction

et al. 2013)) have been solved. Within the Orthobunyavirus genus the structure of the
N protein of BUNV (Ariza, Tanner et al. 2013), LACV (Reguera, Malet et al. 2013),
Schmallenburg virus (SHMV) (Ariza, Tanner et al. 2013; Dong, Li et al. 2013), and
Leanyer virus (Niu, Shaw et al. 2013)) have been solved. The structure of CCHFV N
from the Nairovirus genus has also been determined. The crystal structure of the N
protein of several arenaviruses, including Lassa fever virus (LASV) (Qi, Lan et al.
2010; Hastie, Liu et al. 2011) and Junin virus (Zhang, Li et al. 2013), have also been
determined. The following section briefly summarises what is known about the LASV
N protein structure, as the crystal structure of CCHFV N showed greatest homology to
the N terminal domain of LASV N.

LASV N consists of 2 domains, an N and C terminal domain joined by a
flexible linker region. The N terminal domain is compact and mo s t khglicalU
consisting of head and body regions that contain 4 and 8 helices respectively,
whereas the C terminal demaenh possessdsdabygi
(Hastie, Kimberlin et al. 2011; Hastie, Liu et al. 2011). The crystal structures of LASV
N with RNA bound and without RNA bound have been solved, and reveal that LASV
N possesses a novel gating mechanism for RNA binding. Six to seven ssRNA
nucleotides bind per monomer of LASV N, in a crevice located in the N terminal
domain. Although most of the RNA sequence bound to LASV N seemed to be non-
specific, LASV N did show some preference for a purine base at position 3 in the RNA
strand (Hastie, Liu et al. 2011).

RNA binding to LASV N is mostly mediated though interactions of the
phosphate residues and backbone of the RNA with arginine and lysine residues
present on U helices U1 2 & dand a hydrogen bond network between the
phosphate backbone and several serine and threonine residues of N (Hastie, Liu et al.
2011). Mutational analysis of several of these residues revealed their absolute
necessity to the function of a LASV mini-genome replicon system, presumably
because they are key RNA binding residues. The gating mechanism of LASV RNA
binding is mediated bytwoU hel i ces, helix U5 and helix UB®6
that links these two helices (Figure 1.13). In the RNA free struct ur e helld x U5
residues longer, and both the longerh el i x U5 and hel RNAbidig | i e a
crevice, blocking RNA from binding. In contrast, in the RNA bound monomer, these 10

residues are flexible and didses modextend acrossand a s

the crevice and heliXx U6 i s Inradditienttredoopa way f
connecting hel i x mavéd away ftomlhe trévice inkide priesence of

RNAandseems t o form a 6gat ed; i n t henfédkMalon)f r ee n
this |l oop sterically cl ashes wi t h t he RNA
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conf ormati ond s ever aferact vétls thedRINA Isackbone ahdhsiigar | o o p

residues (Hastie, Liu et al. 2011).

“Closed” conformation - “Open” conformation
RNA-free RNA-bound
extended

helix a5

shifted
helix a6

- PP

Figure1.13The LASV N O6gatingdé6 mechanism of RNA bi
Taken from (Hastie, Liu et al. 2011). Ribbon diagram depicting the novel LASV N

gating mechanism of RNA binding. The N terminal domain is shown in both the open
conformation (blue) with RNA bound, and the closed conformation (silver), which does

not bind RNA.

It has been hypothesised t ha@mtwhich N isttrimeric)yd c | 0 s ¢
LASV N cannot bind RNA, and this closed conformation therefore performs one of the
functions of the P protein (the polymerase co-factor present in other NSVs but not
bunyaviruses) and prevents N polymerisation and non-specific encapsidation of
cellular RNA. The factor that catalyses the shift from the closed conformation to the
open conformation is currently unknown, however the L protein is thought to be
involved. The fact that the RNA is bound in such a deep crevice and is inaccessible
for base pairing during replication supports the hypothesis that during RNA synthesis

45



Chapter 1: Introduction

the L protein induces a conformational change in N that causes N to transiently
release the RNA for replication and transcription. N then re-encapsidates the RNA
after the L protein has continued downstream RNA synthesis (Hastie, Liu et al. 2011).

In contrast to previous hypotheses, LASV N did not bind mRNA cap analogues
(m7GTP), similar to the lack of cap binding ability displayed by CCHFV N. The C
terminal domain of LASV N is a dsRNA specific 3-6 éxonuclease, which is thought to
be an important part of the LASV strategy to evade detection by the innate immune
system. The exonuclease activity of the C terminal domain of LASV N is thought to
eliminate any dsRNA products resulting from RNA replication that could be
recognised the cellular RNA helicases MDAS5 or RIG-I (Hastie, Kimberlin et al. 2011).
CCHFV N does not have an equivalent domain, despite that fact Guo et al reported
DNA specific endonuclease activity of CCHFV N.

1.6 INTERACTION OF CCHFV WITH THE INNATE IMMUNE RESPONSE

CCHFV is classified as an IFN sensitive virus. IFNs are key signalling molecules

expressed upon detection of viral (or other microbial) pathogen associated molecular

patterns (PAMPSs). Induction of IFNs results in the expression of a range of viral
restriction factors such as Mx 1, 206506 0AS an
proteins) which not only induces an antiviral state that reduces viral replication, but

also initiates the adaptive immune response (Medzhitov and Janeway 1999, Habjan,

Andersson et al. 2008). Pret r eat ment of cells with I FNU
CCHFV (Andersson, Lundkvist et al. 2006), and siRNA experiments indicate this

antiviral effect is mediated for the large part by Mx1. Inhibition of CCHFV replication is

not complete when expression of Mx1 is experimentally reduced, therefore other
components of the innate antiviral response are also thought to play a role in the

inhibition of CCHFV replication. To counter this inhibition, CCHFV infection has been

shown to delay activation of the innate antiviral response, partially through inhibition of

IRF-3 translocation to the nucleus (Andersson, Karlberg et al. 2008). Minor amounts

of I FNb mMRNA 24rhies podténfeadiantarddsecreted IFN is only detected

48 hrs post infection. I nterestingly if cel
CCHFV, even as little as 6 hrs post infection, there is no effect on progeny virus titre

compared to mock treated cells (Andersson, Karlberg et al. 2008). This suggests that

CCHFV delays activation of the innate antiviral response until sufficient viral protein

synthesis and replication has occurred, and at this point the induction of the IFN

response has no effect on virus replication.
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These observations are reflected in the IFN-U/ B Bnd STAT-1 knock out mouse
models for CCHFV infection. All IFN-U/ B Rice exhibited 100% mortality when
infected intraperitoneally with 10 ffu (focus forming units) CCHFV, whereas wild type

mice survived doses as high as 10° ffu (Bereczky, Lindegren et al. 2010). Similarly

STAT-1 knockout mice challenged with CCHFV doses as low as 10 ffu exhibited 100%

mortality in 3-5 days whereas wild type mice exhibited neither morbidity nor mortality
(Bente, Alimonti et al. 2010). Wild type (WT) mice with functioning IFN pathways do
not develop CCHF; CCHFV can replicate within these animals, but they do not

succumb to disease, and are asymptomatic (Bente, Alimonti et al. 2010; Bereczky,

Lindegren et al. 2010; Bowick, Airo et al. 2012) whereas STAT-1 and IFN-U/ B R

knockout mice exhibit key features of the disease seen in human cases, and die
within 3-5 days.

CCHFV infection delays activation of the innate antiviral response in STAT-1
and IFN-U/ B Rnockout mice compared to WT mice. At 24 hrs post infection WT
mice showed a greater transcriptional expression of genes involved in the
inflammatory response compared to knockout mice (Bowick, Airo et al. 2012). By 48
hrs post infection, there was no obvious difference in the expression profiles of these
genes in WT compared to STAT1 knockout mice, and actually the transcriptional
levels of many of the IFN target genes were increased in knockout mice compared to
WT. However expression of these genes 48 hrs post infection is not sufficient to
enable these mice to survive CCHFV infection, and indeed may have a detrimental
effect: CCHF pathogenesis is thought to be partly contributed to by high expression
levels of pro-inflammatory cytokines. It could be that the delay in induction of antiviral
genes is critical to CCHFV replication, and while the IFN response is crucial in the
control of CCHFV, the kinetics of the IFN response is in fact one of the most important
factors in determining the outcome of infection (Bowick, Airo et al. 2012).

CCHFV has several ways of avoiding detection by the innate antiviral
response, thereby preventing induction of IFN expression. The main pattern
recognition receptors (PRRs) thought to be responsible for CCHFV detection in the
cytosol and subsequent expression of | F &dJrétihoic acid inducible gene 1 (RIG-I)
and melanoma differentiation factor 5 (MDAS). Rig-l and MDAS5 are both constitutively
expressed RNA helicases found in most cell types, whose expression is strongly
induced by IFNs in a positive feedback loop of virus detection (Takeuchi and Akira
2010). The agonist for RIG-I has been defined as an RNA with both a triphosphate
moiety (PPP) and a blunt-ended base-pai red regi on of ,and@s
such should recognise the panhandle structures possessed by the genomic RNA
segments of CCHFV (Goubau, Deddouche et al. 2013). To counteract this and avoid

RIG-I detection, the 56 termini of C CcH that
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t he terminal nucl e o-minagpkosphate Yo s ratlees thaa a 5 6
triphosphate group (Habjan, Andersson et al. 2008). Therefore CCHFV genomic
segments do not bind to and are not recognised by RIG-I, and RIG-I dependent
signalling is not induced by the presence of viral genomic segments (Habjan,
Andersson et al. 2008).

Although the genomic segments of CCHFV do not induce innate antiviral
signalling, other components of the virus particle may be capable of activating other
PRRs and inducing IFN expression. Other mechanisms possessed by CCHFV to
combat the innate antiviral response reside in the OTU-like cysteine protease
encoded by the L segment (the vOTU), as previously described in section 1.3.6. The
vOTU of CCHFV deconjugates ubiquitin and ISG15 from their protein targets, thereby
potentially interfering with any innate signalling pathways regulated by ubiquitin or
ISG15, as well as directly antagonising the antiviral effects of ISG15, which are
mediated though the ability of ISG15 to be conjugated to cellular proteins.

1.7 THE INDUCTION OF APOPTOSIS BY CCHFV

Apoptosis is a tightly regulated mechanism of programmed cell death that leads to
destruction of cells in a manner that is distinct from necrosis, and that does not result
in the activation of an inflammatory response. Hallmarks of apoptosis are DNA
fragment at i on, membrane O6flippingd (the expres
phosphatidylserine on the plasma membrane outer leaflet), expression of Annexin V
on the outer leaflet of the plasma membrane, cell shrinkage, me mbr ane &6bl ebbin
extensive protein cross linking (Elmore 2007). Caspases are also activated during
apoptosis by cleavage of their inactive procaspase form, which is constitutively
expressed in the cytoplasm. Active caspases are aspartic acid residue specific
cysteine proteases that cleave proteins at specific aspartic acid motifs during
apoptosis.
Two distinct apoptotic pathways exist, the extrinsic pathway, which is activated
in response to extracellular stimuli, and the intrinsic pathway, which is activated by
intracellular stimuli and mediated by mitochondria. Many different stimuli result in the
induction of apoptosis, including the detection of viral PAMPs; apoptosis is induced as
a result of IFN signalling, cell entry of viruses, activation of protein kinase R (PKR),
activation of the transcription factor p53, and ER stress (Everett and McFadden 1999).
These stimuli ultimately lead to an increase in the permeability of the mitochondrial
outer membrane, and the release of normally sequestered pro-apoptotic proteins. A

diagrammatic summary of the intrinsic apoptotic pathway is shown in Figure 1.14.
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Figure 1.14 Diagrammatic summary of the intrinsic apoptotic pathway

Adapted from (Postigo and Ferrer 2009). The intrinsic apoptotic pathway is regulated
by pro-apoptotic and pro-survival members of the Bcl-2 family of proteins. An increase
in mitochondrial outer membrane permeability results in the release of cytochrome C
from the intermembrane space, and activation of caspase-9 and caspase-3, which

ultimately leads to cell death.

The Bcl-2 family of proteins govern mitochondrial membrane permeability and they
can either be pro-apoptotic or anti-apoptotic. Some of the pro-apoptotic members
include Bcl-10, BAX, BAK, Bid, Bad, Noxa and PUMA, and some of the anti-apoptotic
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members include Bcl-2, Bcl-x, Bcl-x,, Bcl-XS, Bcl-w, BAG (Figure 1.14). These
proteins have special significance as they can determine whether a cell commits to or
aborts the apoptotic process, and the ratio of BAX:Bcl-2 or Bcl-x, is thought to be able
to determine whether a cell lives or dies (Elmore 2007; Rodrigues, Paranhos-Baccala
et al. 2012). The transcription factor p53 also has a critical role to play in the
regulation of expression of the Bcl-2 family of proteins (Schuler and Green 2001;
Elmore 2007).

Apoptotic stimuli can result in dimerisation of two proteins embedded in the
outer mitochondrial membrane, BAX and BAK, and an increase in outer mitochondrial
membrane permeability. This results in the release of two main groups of pro-
apoptotic proteins into the cytosol from the mitochondrial intermembrane space
(Saelens, Festjens et al. 2004). This first group of protein includes cytochrome C and
SMAC/DIABLO, amongst others, and the second group is released later on during
apoptosis, after the cell has committed to die and includes apoptosis inducing factor
(AIF) and endonuclease G (EndoG) (Elmore 2007). Cytochrome C and
SMAC/DIABLO activate the caspase dependent apoptotic pathway; cytochrome ¢
binds to and activates Apaf 1 as well as procaspase-9, forming the apoptosome (Hill,
Adrain et al. 2004). The local concentration of procaspase-9 in the apoptosome
results in self cleavage and activation of procaspase-9, and SMAC/DIABLO promotes
apoptosis by inhibiting inhibitors of apoptosis (IAPs).

Caspase-8, -9, and -10 are initiator caspases whose role once activated is to
cleave and activate the executioner procaspases, procaspase-3, -6, and -7. Activation
of the executioner caspases begins the execution phase, the final pathway leading to
cell death. Active caspase-3 cleaves a variety of substrates including poly(ADP)ribose
polymerase (PARP), inhibitor of caspase activated Dnase (ICAD) to release caspase
activated Dnase (CAD), and gelosolin, which once cleaved is involved in actin
cleavage and cytoskeletal disruption (ElImore 2007).

AIF and endonuclease G are both members of the second group of proteins to
be released from the mitochondrial intermembrane space, and they translocate to the
nucleus and act independently of caspases. AIF cleaves DNA into ~50-300 bp
fragments, and begins condensation of peripheral nuclear chromatin, and
endonuclease G cleaves nuclear chromatin into oligonucleosomal DNA fragments.
CAD then leads to oligonucleosomal DNA fragmentation and a more pronounced and
advanced chromatin condensation (Elmore 2007). DNA fragmentation is the final
stage of apoptosis and indicates cell death.

CCHFV induces apoptosis in infected cells at a relatively late time point after
infection (Karlberg, Tan et al. 2011; Rodrigues, Paranhos-Baccala et al. 2012).

Expression of active caspase-3 and DNA fragmentation can be detected 48 hrs post
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infection, and increases 72 hrs post infection when major cytopathic effect (CPE) is
observed. The ability of CCHFV to induce apoptosis was shown to be dependent on
the ability of the virus to replicate as UV-inactivated CCHFV failed to induce apoptosis.
CCHFV infection of hepatocytes induced ER stress, as shown by detection of the
unfolded protein response (UPR); ER stress can activate the intrinsic apoptotic
pathway and CCHFV was shown to modulate both the intrinsic and extrinsic apoptotic
pathways and activate inflammatory mediators such as IL-8 (Rodrigues, Paranhos-
Baccala et al. 2012).

Mitochondrial dependent apoptosis was thought to occur in CCHFV infected
hepatocytes as elevated levels of BAX mRNA was detected, and although there was
a minor increase in Bcl-xL expression, overall the BAX:Bcl-xL ratio was positive.
Increased mRNA levels of PUMA and Noxa, both pro-apoptotic Bcl-2 family members
was also observed; it is thought that CCHFV induces apoptosis through multiple
pathways that involve cross talk between the ER stress response and the
mitochondrial mediated apoptotic pathway (Rodrigues, Paranhos-Baccala et al. 2012).

CCHFV N is cleaved at a conserved DEVD motif on the apex of the arm
domain by active caspase-3 during infection, resulting in the production of a 30 kDa
fragment of CCHFV N (Karlberg, Tan et al. 2011). Interestingly, if the DEVD site is
mutated and no longer cleaved by caspase-3 the other N cleavage products become
more pronounced. This indicates that while the conserved DEVD motif is the major
site for caspase-3 cleavage, there are other sites or motifs that are available for
cleavage during apoptosis, especially if the DEVD motif is disrupted. Inhibition of
caspase-3 was shown to increase virus titres, implying that caspase-3 cleavage of N
is not beneficial for the virus replication cycle, and apoptosis may be induced by the
host cell immune response as a way of limiting virus replication (Karlberg, Tan et al.
2011). However the reason why CCHFV infection results in apoptosis so late after
infection is unclear; it could be that CCHFV has evolved mechanisms of delaying
activation of caspase-3 and apoptosis, similar to the way in which CCHFV delays
activation of the IFN response, until sufficient virus replication has occurred to ensure

the spread of progeny virions.
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1.8 PROJECT AIMS

The N protein of CCHFYV is indispensable to virus replication, and therefore represents
a potential therapeutic target. The crystal structure of CCHFV N has recently been
solved; the aim of this project was to determine the crystal structure of the N protein of
the closely related HAZV virus. HAZV is not pathogenic to humans, and it was hoped
that structural similarities between CCHFV N and HAZV N would be revealed that
would support the use of HAZV as a model for CCHFV infection. The identification of
areas of structural similarity could also potentially be exploited in the structure guided
design of small molecule inhibitors, whose efficacy against HAZV could be tested
under containment level 2 conditions, prior to testing against CCHFV.

Given the limited protein coding capacity of CCHFV and HAZV, it is thought
their N proteins would have non-structural roles within the cellular environment during
virus replication, roles which are mediated through interaction of CCHFV N and HAZV
N with cellular proteins. The aim of this project was also to identify cellular proteins
that interact with CCHFV N using a mass spectrometry based approach. We also
aimed to determine whether a specific cellular protein, heat shock protein 70 (HSP70)
interacted with HAZV N during HAZV replication. We aimed to investigate the role of
HSP70 during the replication cycle of HAZV through the use of siRNA and small
molecule inhibitors of HSP70. Little is known about the HAZV replication cycle and the
final aim of this project was to determine whether HAZV infection resulted in apoptosis,
and whether HAZV N is a target for proteolytic cleavage by cellular caspases, as is

the case during CCHFV infection.

In summary, the aims of this project were to determine the crystal structure of
HAZV N, and to identify cellular proteins and pathways that might be important during
the replication cycle of CCHFV and HAZV, such that they might become the targets of

host-directed antiviral therapeutic strategies.
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CHAPTER 2 : MATERIALS AND METHODS

2.1 MATERIALS

2.1.1 Vectors

The HAZV N open reading frame (ORF) optimized for bacterial expression was
synthesized by Dundee Cell Products, and was provided cloned into a pET28-SUMO
expression vector. The HAZV N ORF was subcloned into a pGEX6P2 expression
vector (GE Healthcare); this fusion vector encodes glutathione S-transferase (GST)
that is used to N-terminally tag the ORF of interest with GST, and a human rhinovirus
3C (HRV) protease (GE Healthcare) cleavage site. The HAZV N nucleotide sequence
was confirmed by DNA sequencing; expression of this HAZV N ORF resulted in the
production of a protein whose amino acid sequence matched that of HAZV isolate
JC280, GenBank accession number; M86624.1.

The CCHFV N ORF was synthesized by Dundee Cell Products, and was
provided cloned into a pCAGGs vector. pCAGGs vectors enable high level gene
expression in mammalian cells, driven by the synthetic CAG promoter, that contains a
hybrid CMV enh a n ¢ e r / c-hctincpkomater. The CCHFV N ORF was subcloned
into a pEGFP-C2 expression vector (Clontech); this fusion vector contains an
enhanced green fluorescent protein (EGFP) tag, and enables the expression of ORFs
of interest with an N-terminal EGFP tag. Gene expression from pEGFP-C2 is driven
by a CMV promoter and results in strong, constitutive expression of N terminally
tagged EGFP-fusion proteins in many mammalian cell types. pEGFP-C2 also contains
an SV40 poly(A) signal, which increases RNA stability, and enables high level protein
expression. The CCHFV N nucleotide sequence was confirmed as correct by DNA
sequencing and matched that of CCHFV strain 10200, accession number; U88410.
See appendix | for HAZV N and CCHFV N ORF sequences.

2.1.2 Bacterial strains

Plasmid DNA constructs were amplified, and recombinant GST-HAZV N was
expressed, through transformation of competent Escherichia coli (E. coli) cells.
Bacterial strains used were: Subcloning efficiency JM109 Competent cells (Promega)
for initial transformation of ligation reactions; TOP10 cells prepared in the laboratory

using the standard Inoue method for routine retransformation; and the BL21 derivative
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Rosetta-2 for i s -Ddthmgakdtopyrdmoside (IPTG) inducible protein

expression.

2.1.3 Continuous human cell lines

HEK293T (human embryonic kidney cell origin) (Graham, Smiley et al. 1977), HUH-7
(human hepatocellular carcinoma origin) (Nakabayashi, Taketa et al. 1982) and SW13
(human adrenal cortex carcinoma origin) (Leibovitz, McCombs et al. 1973) cells were
utilised to express recombinant proteins or for virus replication. HEK293T cells are a
human kidney epithelial cell line that constitutively expresses the SV40 large T
antigen, HUH-7 cells are a hepatocyte derived carcinoma cell line, originally isolated
from a liver tumor and SW13 cells are a human adrenal cortex carcinoma cell line,
originally derived from a small cell carcinoma tissue biopsy. 293T cells and HUH-7
cells were obtained from the Health Protection Agency Culture Collections (HPACC),
and SW13 cells were a kind gift from Dr Stuart Dowall and Dr Roger Hewson, of
Public Health England (PHE).

2.1.4 HAZV strain

HAZV strain JC280 was kindly provided by Dr Stuart Dowall and Dr Roger Hewson
(PHE, UK) as an infectious cell culture supernatant from SW13 cells. The cRNA
sequence of HAZV S, M, and L segments from strain JC280 has been published on
GeneBank with the respective accession numbers: M86624.1, DQ813514.1 and
DQO076419.1.

2.2 METHODS

2.2.1 Manipulation of recombinant DNA

2.2.1.1 The polymerase chain reaction (PCR)

During subcloning the cDNA representing HAZV N and CCHFV N ORFs were
amplified by PCR, incorporating terminal restriction endonuclease recognition sites, to
facilitate insertion into expression plasmids. PCR reactions were performed in 50 pL
reaction volumes and contained; 100 ng of template DNA, 0.4 uM of each forward and

reverse primer, 0.3 mM of each deoxyribonucleotide triphosphate (ANTPs; Roche), 10

54



Chapter 2: Materials and Methods

x Thermopol buffer (New England Biolabs) and 1 unit of Vent polymerase (New
England Biolabs). Reaction cycles were carried out in a thermocycler (Microfuge) as
follows; initial denaturation at 95 °C for 5 minutes; 30 cycles of denaturation at 95 °C
for 30 seconds, annealing at 50 °C - 65 °C for 30 seconds (dependent on primer
sequence), and elongation at 72 °C for 90 seconds, then final extension at 72 °C for 5
minutes. PCR products were kept at 4 °C until removal from thermocycler; PCR
products were then isolated and purified by agarose gel electrophoresis followed by

gel extraction.

2.2.1.2 Restriction digest

Plasmid DNA was subjected to restriction enzyme digestion for cloning and diagnostic
purposes. Restriction digests were carried out in a 50 pL volume and contained: 1 ug
DNA, +/- 1 x bovine serum albumin (BSA; restriction enzyme dependent), 1 X
compatible NEBuffer (New England Biolabs), and 2 units of each restriction enzyme
(New England Biolabs). Reactions were incubated at 37 °C for 2-3 hrs, or were left at
37 °C overnight. The products of digestion were purified by agarose gel
electrophoresis followed by gel extraction using the Zymoclean Gel DNA recovery kit

(Zymo Research) as per the manufacturerobs pr

2.2.1.3 Agarose gel electrophoresis

Size, integrity and purity of PCR products, plasmid DNA, products of restriction
enzyme digestion, and ligations were determined using 1 % agarose gels composed
of 0.5 g analytical grade agarose, 50 mL of 1 x TAE buffer (40 mM Tris-acetate, 1 mM
ethylene-diamine-tetraacetic acid (EDTA)) and SYBR Safe DNA stain (Life
Technologies) diluted 1:10,000. DNA samples were mixed with 1 x GelPilot DNA
loading dye (Qiagen) and loaded alongside the molecular marker Hyperladder |
(Bioline); gels were then run at 90 V for 30-60 minutes, in 1 x TAE buffer. Blue light

transillumination was used to visualise DNA.

2.2.1.4 Ligations

Ligations were carried out in 20 uL reaction volumes containing: 3:1, 6:1 or 10:1 molar
ratio of insert:vector DNA, 1 x Ligase Reaction Buffer (30 mM Tris-HCI (pH 7.8), 10
mM MgCI2, 10 mM DTT and 1 mM ATP; Promega) and 1 unit T4 DNA Ligase
(Promega). Ligase reactions were incubated at 4 °C overnight, then transformed into
DH5U cel |l s.

2.2.1.5 Bacterial transformations

Wh e n using subcloning efficiency DH5 U com

transformations wer e carried out according
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transformations were carried out as follows for laboratory-made cells: 1 pL of plasmid
DNA at a concentration of 25 - 50 ng/uL, or 1 pL ligation mix were added to 50 pL
competent cells that had been thawed on ice. Transformation mixes were incubated
on ice for 30 minutes, heat shocked at 42 °C for 45 seconds, and rapidly cooled on
ice for 2 minutes. 450 uL of pre-warmed LB (Luria-Bertani) media (10 g tryptone, 5 g
yeast extract, 10 g NaCl in 1 L water) was added to transformation mixes, which were
then incubated at 37 °C for 1 hr with shaking. Transformed bacteria were pelleted by
centrifugation at 300 x g for 2 minutes at room temperature, the supernatant was
removed, and bacteria were resuspended in 50 yuL LB media prior to being spread

onto antibiotic-selective LB agar plates and incubated at 37 °C overnight.

2.2.1.6 Starter cultures

Starter cultures of 5 mL LB medium (small-scale) or 50 mL (large scale) were grown
from single colonies picked from transformation plates. Single colonies were allowed
to grow overnight in LB medium containing the appropriate antibiotic (final
concentration 50 pg/mL kanamycin or 100 pg/mL ampicillin); these starter cultures
were then used to inoculate overnight cultures either for protein expression or plasmid
DNA amplification. Aliquots of starter cultures were mixed in a 70:30 ratio with glycerol

and stored frozen at -80 °C as glycerol stocks.

2.2.1.7 Plasmid DNA amplification

Overnight cultures of 200 mL LB medium containing the appropriate concentration of

antibiotic were inoculated with 200 pL starter cultures, and the following morning,

bacteria were pelleted by centrifugation at 4000 x g at 4 °C for 20 minutes. Plasmid

DNA was isolated from pelleted bacteria using Plasmid Maxiprep kits (Qiagen)
according to the manwhdraisolation of pladmnsid ONA s basadct i o n
on the alkaline lysis method followed by isopropanol precipitation. Plasmid DNA was

also isolated from starter cultures using Spin Miniprep kits (Qiagen) according to the
manufacturer é6s i nst ofyplagmid®NA is basedan edsdrptiom toat i o n
a silica membrane under high-salt conditions. A NanoDrop 1000 (Thermo Scientific)

was used to quantify DNA by spectrophotometry.

2.2.2 Protein expression and purification in E. coli.

2.2.2.1 Culture growth, IPTG induction and lysis

Large-scale 50 mL starter cultures were grown from stabs of glycerol stocks of pGEX-

GST-HAZV N transformed E. coli Rosetta-2 cells, 50 mL starter cultures were then
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used to inoculate 1 L overnight cultures of LB medium containing 100 pg/mL
ampicillin. Cultures were grown to ODg 0.6 - 0.8 at 37 °C, then were induced with
100 uM IPTG for 16 hrs at 18 °C. Bacterial cells were recovered by centrifugation at
4000 x g at 4 °C for 30 minutes, the supernatant was removed, and cells were either
frozen at -20 °C, or resuspended immediately in lysis buffer containing: 100 mM Nacl,
20 mM Tris pH 8, 1 % (v/v) Triton X-100, 1 mg/mL chicken egg white lysozyme
(Sigma Aldrich), 1 mM MgCl, 1x complete protease inhibitor cocktail EDTA-free
(Roche), 1 unit (U) DNase and 1 U RNase. 25 mL lysis buffer was used per 1 L
bacterial culture. Cells were incubated in lysis buffer on ice for 30 minutes, then lysis
was completed by sonication on ice with 15 cycles of 10 seconds on, 5 seconds off, at
8 micron amplitude. Lysates were clarified by centrifugation at 18,000 x g for 30
minutes at 4 °C and the supernatant was retained for GST-HAZV N purification by
glutathione affinity chromatography.

2.2.2.2 Purification by glutathione affinity chromatography

Clarified bacterial supernatant containing soluble GST-HAZV N protein was applied to
glutathione sepharose 4B resin (GE Healthcare) in batch at room temperature for 1 hr
with rotation. Resin with bound GST-HAZV N was transferred to a gravity flow column
attached to a peristaltic pump, and unbound bacterial lysate was removed from the
resin. Resin was then washed once in 4 volumes of binding buffer (100 mM NacCl, 20
mM Tris pH 8), once in 4 volumes binding buffer containing 1.5 M NaCl to remove
RNA derived from the bacterial expression host to generate Apo-HAZV N, (or this step
was excluded when RNA-bound HAZV N was purified), then resin was washed once
more in 4 volumes of binding buffer. Elution buffer (40 mM reduced glutathione, 5 %
glycerol, 50 mM NacCl, 15 mM HEPES pH 7, 1 mM DTT) was used to dissociate GST-
HAZV N from the resin in 3 successive elutions. Solutions containing eluted GST-
HAZV N were pooled and protein concentration was determined by adding 1 pL
protein to a 1:5 dilution of Protein Assay reagent (Bio-Rad) in ddH,O, and reading the
absorbance at 595 nm. Eluted GST-HAZV N was then incubated overnight at 4 °C
with HRV 3C protease to cleave the GST tag from HAZV N; HRV 3C protease was

expressed and purified in house from glycerol stocks.

2.2.2.3 Size exclusion chromatography

Size exclusion chromatography was used analytically to examine the oligomeric
status of HAZV N. A 320 mL HiLoad 26/600 Superdex 75 pg column (GE Healthcare)
was used with an Akta Prime pump system at 4 °C, and absorbance at 280 nM was
used to monitor protein elution. All buffers used were filtered through 0.2 pM filters

and degassed. The column was equilibrated with running buffer (500 mM NacCl, 20
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mM Tris pH 7.5, 1 mM EDTA, 1 mM DTT) and the protein was concentrated to a just
over 5 mL volume with 10 kDa molecular weight cut off (MWCO) Vivaspin centrifugal
concentraters (Sartorius Stedim). The protein sample was then passed through a 0.2
um syringe filter prior to injection onto the column with a 5 mL loop. The cloumn was
run at approximately 2 mL/minute until the void volume (~90 mL) had eluted, then 3
mL fractions were collected until a full column volume of buffer had eluted (320 mL).
The column was calibrated using a gel filtration standard kit (Bio-Rad) containing
thyroglobuli n ( 670, 0 @&bulirD 58,000 Da), ovalbumin (44,000 Da),
myoglobin (17,000 Da), vitamin B, (1,350 Da).

2.2.2.4 lon exchange chromatography

A 1 mL Resource S cation exchange column (GE Healthcare) was used at pH 7
(below the isoelectric point (pl) of HAZV N (8.73)) with an Akta purifier pump system
at 4 °C, and absorbance at 280 nM was used to moniter protein elution. All buffers
used were 0.2 uM filtered and degassed. The Resource S coumn was equilibrated in
buffer A (50 mM NaCl, 15 mM HEPES pH 7, 1 mM DTT); cleaved HAZV N was
dialysed into 5 L buffer A overnight at 4 °C using snakeskin dialysis tubing (10,000 Da
MWCO, Thermo Scientific), prior to concentration to just over 5 mL volume. The
column was run at a flow rate of approximately 1 mL/minute and the protein sample
was injected onto the column using a 5 mL loop. 1 mL fractions were collected from
this point until the 280 nm trace returned to baseline. To elute bound HAZV N, the
NaCl concentration was linearly increased by applying a gradient of 0-100 % buffer B
(1 M NacCl, 15 mM HEPES pH 7, 1 mM DTT). Appropriate fractions were pooled and
concentrated to 10-12 mg/mL using 10,000 Da MWCO centrifugal concentrators
(Sartorius Stedim) and stored either at 4 °C or at -80 °C.

2.2.3 Crystallographic techniques

2.2.3.1 Sparse matrix screening

Initial crystallisation trials were carried out using commercially available sparse matrix
screens. The following kits were used: Wizard | and I, Wizard Il and IV (Emerald
Biosystems), Salt RX, Matrix, Index, and Crystal Screen | and Il (Hampton Research).
Sitting drops were set up in 96-well MRC-2 drop plates (Molecular Dimensions) using
an Oryx 6 robot (Douglas Instruments) with 60 pL reservoire solution. Protein
concentrated to 10-12 mg/mL was dispensed into 1 pL droplets containing
protein:reservoire ratios of 50:50 or 70:30. Plates were sealed with Viewseal pressure

adhesive clear seals (Greiner Bio-One) and incubated at 11 °C, 18 °C or 25 °C.
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2.2.3.2 Crystal optimisation

Sparse matrix screen sitting drops were monitered for crystal growth 24 hrs after they
were set up, and then periodically for 2 weeks afterwards. Conditions that resulted in
crystal growth were further optimised in 24-well plates in hanging drop orientations,
using 1-2 uL drops at 50:50 and 70:30 protein:reservoire ratios. Matrices were set up
to vary concentration of precipitants, type of precipitants, pH of buffer, protein
concentration, and temperature of crystal growth. An additive screen (Hampton
Research) was also used in an attempt to improve crystal growth.

2.2.3.3 Crystal harvesting and data collection

Appropriately sized loops (Hampton Research) were used to pick crystals, which were
then soaked in a cryprotectant solution containing 1:1 reservoir solution and one of
the following cryoprotectants (60 % glycerol, 60 % PEG-400, 60 % PEG-200, 60 %
ethylene glycol, or 60 % 2-Methyl-2, 4-pentanediol (MPD)) prior to cyro-cooling in
liquid nitrogen. All data were collected at -173 °C at the Diamond Light Source on
beamlines 102 and 103. Crystals were screened for diffraction by taking test images at
0=0A and 90A, usgayn(@97952A). bub Gatasety wexe collected from
crystals that diffracted to better than 4 A.

2.2.3.4 Data processing and structure solution

X-ray data were integrated using XDS (Kabsch 2010) or iMOSFLM (Leslie 2006;
Battye, Kontogiannis et al. 2011) from the Collaborative Computer Project 4 (CCP4)
suite (Potterton, Briggs et al. 2003; Winn, Ballard et al. 2011). POINTLESS was used
to confirm the space group identity, and to test for twinning, then AIMLESS (Evans
2006; Evans 2011) was used to scale the reduced data from all crystals. Datasets
from both Apo-HAZV-N and RNA-bound HAZV N were solved via molecular
replacement (MR) with the globular domain of CCHFV N (Protein Data Bank (PDB)
accession number 4AKL) residues 1-182, and 296-482 using PHASER (McCoy,
Grosse-Kunstleve et al. 2007). BUCANNEER (Cowtan 2006) was used to build an
initial model into the calculated electron density maps; this was followed by
consecutive cycles of manual building in COOT (Emsley and Cowtan 2004) and
structure refinement in REFMACS5 (Murshudov, Skubak et al. 2011). Refined models
were analysed with the MolProbity server, models were examined in COOT and

figures were made using PyMOL.
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2.2.4 Cell culture methods

2.2.4.1 Continuous cell culture
All cells were maintained at 37 °C with 5 % CO, in humidified incubators. HEK293T

and SW13 cells were grown in Dulbeccods

supplemented with 10 % (v/v) foetal bovine serum (FBS; Invitrogen), 100 IU
penicillin/mL, and 100 ug streptomycin/mL. This is referred to as complete media.
HUH-7 cells were grown in complete media supplemented with 1 % non-essential
amino acids (NEAA). Cell lines were passaged using trypsin-EDTA (Sigma) 3 times
per week as they approached confluency. Cells were seeded at the following densities
24 hrs prior to manipulation to achieve 60-70 % confluency: 96 well plate (10*
cells/well), 12 well dish (10° cells/well), 6 well dish (2 x 10° cells/well) and 10 cm? dish
(10° cells/well). Autoclaved glass coverslips (VWR) were placed in wells prior to

seeding for immunofluorescence (IF) experiments.

2.2.4.2 Freezing and thawing cells

Cells were frozen for long term storage in liquid nitrogen. Cells were trypsinised and
washed 3 times in ice-cold PBS, with centrifugation at 1000 x g at 4 °C for 5 minutes
between each wash step. Cells were counted, then resuspended in ice-cold FBS
supplement with 10 % DMSO, to a final concentration of 10° cells/mL. 1 mL cell
suspension was aliquoted in each cryovial, which were cooled at a controlled rate in
an isopropanol chamber to -80 °C overnight prior to being transferred to liquid
nitrogen. Frozen cells were rapidly thawed at 37 °C, centrifuged once at 600 x g at 4
°C for 5 minutes, the supernatant was removed and the cell pellet resuspended in
complete media and transfered to a 25 cm? flask. Cell cultures were expanded when

cells reached 80 % confluency.

2.2.4.3 Stable isotope labelling of amino acids in cells culture (SILAC)

Frozen HEK293T cells were thawed, then cultured in isotopically distinct labelled
SILAC-DMEM (Dundee Cell Products Ltd) for a minimum of seven population
doublings (approximately 2 weeks) to ensure >95 % labelling. SILAC-DMEM recipes
used were ROKO (Light), which contained **C L-arginine and **C L-lysine, and R6K4
(Medium) which contained *C L-arginine and 2D L-lysine. SILAC-DMEM was
supplemented with 10 % dialysed foetal calf serum (FCS; Dundee Cell Products Ltd),
and passaged using a PBS-based cell dissociation buffer (Invitrogen) instead of

trypsin, to avoid the introduction of unlabelled amino acids.
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2.2.5 Transfections

2.2.5.1 Calcium phosphate mediated transfection of HEK293T cells

In order to identify cellular interacting partners of EGFP-CCHFV N, SILAC labelled
HEK293T cells were transfected via calcium phosphate (CaPO,4) with 10 pg plasmid
DNA encoding EGFP-CCHFV N or EGFP per 10 cm? dish, for immunoprecipitation
(IP) experiments (4 x 10 cm? dishes were transfected with each construct to ensure
the IP of sufficient amounts of EGFP-CCHFV N to identify cellular proteins that co-IP
by mass spectrometry). Unlabelled 293T cells were also transfected with EGFP-
CCHFV N and EGFP, as well as pCAGGs-CCHFV N via CaPO,. The appropriate
amount of plasmid DNA was added to a solution containing 244 mM CacCl,, this was
added dropwise to 2 x HBS (274 mM NaCl, 302 uyM (Na,HPO,).12H,0, 55 mM
HEPES pH 7). CaCl, and 2 x HBS were 0.2 pum filtered. Solutions of calcium chloride,
DNA and 2 x HBS were incubated at room temperature for 30 minutes to allow
calcium phosphate-DNA precipitates to form, prior to being adding dropwise to
HEK293T cells; CaPO, facilitates binding of the DNA to the cell surface, where it then
enters the cell by endocytosis. Fresh complete media was added to cells immediately
prior to transfection. Complete media containing transfection mixes were incubated
with HEK293T cells overnight; this was replaced with fresh complete media the

following morning, or cells were harvested.

2.2.5.2 Lipofectamine mediated transfection of HUH-7 and SW13 cells with pCAGGs-
CCHFV N, and siRNA

HUH-7 cells were transfected with pCAGGs-CCHFV N for IF experiments and SW13

cells were transfected with siRNA (small interfering RNA) for protein depletion
experiments. SiRNA targeting HSP70 (gene HSPAI1A; Life Technologies) was a

dupl ex of 21 nucleotides, th-e3&efgsemasce fof | b
AAUUUAUACUGCCAUCUUATT-3 6 . Scrambled si RNA (MI SSI ON
control 1; Sigma Aldrich) was used as a negative control; HSPA1A siRNA and
scrambled siRNA were obtained as lyophilised RNA, and stock solutions were made

up to the same concentration (10 uM) in nuclease free ddH,O. SW13 cells (12-well

plate) were transfected with 80 pmole HSP70 siRNA per well to deplete HSP70, or 80

pmole scrambled siRNA was transfected as a negative control for off-target effects

due to siRNA transfection. RNAIMAX (Life Technologies) was used to transfect SW13

cells with siRNA, and Lipofectamine 2000 (Life Technologies) was used to transfect

HUH-7 cells with pPCAGGs-CCHFV N.
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RNAIMAX and Lipofectamine 2000 are both cationic lipid-based transfection reagents
that facility entry of DNA and siRNA into cells, and their transfection protocols are the
same; cells are seeded in 12-well plates 24 hrs before transfection such that their
confluency is 60-70 % when transfected. 80 pmole siRNA, or 0.71 ug pCAGGs-
CCHFV N was added to 100 pL Opti-MEM. In a separate microfuge, 3 uL RNAIMAX
or Lipofectamine 2000 was added to 100 yL Opti-MEM; both solutions were mixed
gently and allowed to equilibrate for 5 minutes. The Opti-MEM-DNA solution was
dropwise added to the Opti-MEM-RNAIMAX/Lipofectamine 2000 solution, mixed
gently, and incubated at room temperature for 20 minutes to allow complexes to form
between the positively charged cationic lipids and the negatively charged DNA/RNA
backbone. The cationic lipids bind to and fuse with the plasma membrane, and entry
of DNA into cells is thought to occur through endocytosis. Complete media was
removed from cells, and was replaced with serum- and antibiotic-free media (SFM),
after cells were washed once in SFM. OptiMEM containing DNA/RNA-cationic lipid
complexes was dropwise added to cells in SFM, complexes were removed the
following morning and replaced with complete media, or cells were harvested.
Depletion of HSP70 was optimised by varying incubation times and ratios of
SiRNA:RNAIMAX. Efficacy of HSP70 depletion was analysed by western blot 24 hrs,
48 hrs, and 72 hrs after transfection; western blot membranes were probed with an
anti-HSP70/HSP72 mAb (monoclonal antibody) (C92F3A-5; Enzo Life Sciences) that
specifically detected the HSPAL1A gene product. When assessing the effect of HSP70
depletion on HAZV replication, media containing transfection complexes was removed
from cells 20 hrs after transfection, cells were washed once with PBS, then cells were
infected with HAZV MOI 1, in 250 uL SFM. Cells were incubated at 37 °C with rocking
to allow HAZV to adsorb to plasma membranes, then virus containing SFM was
removed and replaced with DMEM containing 2 % FBS. HAZV was allowed to

replicate for 6 hrs or 24 hrs prior to harvesting cells.

2.2.6 Analysis of protein expression

2.2.6.1 Preparation of whole cell lysate
Cells were harvested from cell culture dishes and flasks by scraping whilst in media.
Cell pellets were recovered by centrifugation at 4 °C at 2000 x g for 5 minutes,
washed 3 x in PBS, with the same centrifugation step between each wash, then
resuspended in lysis buffer (10 mM Tris-HCI pH 7.5, 150 mM NacCl, 0.5 mM EDTA,
0.5% NP40, 1x EDTA-free complete protease inhibitor (Roche)) for IP, or
radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCI pH 7.5, 150 mM NacCl,
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1 % (v/v) NP40 alternative, 0.5 % (w/v) sodium deoxycholate, 0.1 % and 1 x EDTA-
free complete protease inhibitor cocktail) for western blot analysis. Cell pellets were
incubated in lysis or RIPA buffer for 30 minutes on ice, then cell lysates were clarified
by centrifugation at 13,000 x g at 4 °C for 10 minutes, and the supernatant containing

total protein was either directly utilised or stored at -80 °C for future use.

2.2.6.2 Determining protein concentration by BCA assay

Total protein concentration was determined from whole cell lysates using the micro
bicinchoninic acid (BCA; Pierce) protein assay system according to the
manuf act wweleplate protccd. Bovine serum albumin (BSA) standards were
prepared to create a standard curve ranging from 25 pg/mL - 2000 pg/mL BSA. Whole
cell lysates were diluted 1:25 and 50 pL of both standards and diluted sample were
mixed with 200 yL assay working reagent (created by diluting reagent B 1:50 with
reagent A) then transferred to 96-well plates and incubated at 37 °C for 30 minutes.
Protein concentration of samples was determined by measuring their absorbance at
570 nm in a TECAN infinite F50 plate reader and comparing them to the standard
curve. Protein samples of the appropriate concentration (2-10 ug) were mixed with 4 x
lithium dodecyle sulphate (LDS) buffer (Invitrogen) supplemented with 50 mM DTT
reducing agent, prior to denaturation and resolution by SDS PAGE.

2.2.6.3 SDS polyacrylamide gel electrophoresis (SDS PAGE)

5 mL SDS PAGE gels were made with a 12 % (or 15 %) resolving gel (4 mL (5 mL) 30
% bis-acrylamide, 2.5 mL 1.5 M Tris-HCI pH 8.8, 3.3 mL (2.3 mL) ddH,O, 100 pL 10
% SDS, 100 pyL 10 % ammonium persulphate (APS), 10 uL TEMED) and a 5 %
stacking gel (0.83 mL 30 % bis-acrylamide, 0.63 mL 1 M Tris-HCI pH 6.8, 3.4 mL
ddH,O, 50 pyL 10 % SDS, 50 pyL 10 % APS, 5 uL TEMED). Protein samples were
either mixed 1:1 with 2 x denaturing sample buffer (60 mM Tris pH 6.8, 25 % (v/V)
glycerol, 2 % {mercaptdethadd), B.01 % (w/¥ brémophenol blue) or
2-10 pg protein sample was mixed with 4 x LDS sample buffer (Invitrogen),
supplemented with 50 mM DTT reducing agent. Protein samples were denatured by
heating at 95 °C for 5 minutes, or at 70 °C for 10 minutes, immediately prior to loading
onto gels. Samples were loaded alongside 7.5 pL ColorPlus prestained protein
marker (New England Biolabs) or SeeBlue Plus 2 prestained protein marker
(Invitrogen), and electrophoresis was performed in SDS running buffer (25 mM Tris,
192 mM glycine, 0.1 % (w/v) SDS) at 200 V for 40-60 minutes.
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2.2.6.4 Protein visualisation by Coomassie and silver stain

Proteins resolved by SDS PAGE were directly 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 hr, followed by destaining for 1 hr at
room temperature in destain solution (40 % (v/v) methanol, 10 % (v/v) glacial acetic

acid), and rehydration of gels in ddH,O prior to imaging. Gels were silver stained

using a Silver Quest staining kit (I'nvitro

instructions.

2.2.6.5 Western blot analysis

Proteins were transferred from SDS PAGE gels (section 2.2.6.3) to polyvinylidene
fluoride (PVDF) membranes (Immobilon-P Transfer membrane; Millipore), or
fluorescence compatible PVDF membranes (FL-PVDF) (Immobilon-FL Transfer
membranes; Millipore) using a Trans-Blot semi-dry cell (Bio-Rad) in Towbin buffer (25
mM Tris, 192 mM glycine, 20 % (v/v) methanol) for 1 hr at 15 V. PVDF membranes
were blocked for 1 hr at room temperature in 10 % (w/v) non-fat powdered milk
(Sigma) in Tris buffered saline supplemented with Tween-20 (TBS-T) (50 mM Tris-HCI
pH 7.5, 150 mM NacCl, 0.1 % Tween-20). FL-PVDF membranes were blocked for 1 hr
at room temperature in 50 % (v/v) Odyssey blocking buffer (LiCor) in TBS (50 mM
Tris-HCI pH 7.5, 150 mM NacCl). Blocking buffer was then replaced with primary
antibody diluted to the appropriate concentration in 5 % (w/v) non-fat powdered milk in
1 x TSB-T, or in 50 % Odyssey blocking buffer in TBS, either for 1 hr at room
temperature or at 4 °C overnight. A full list of primary antibodies used to detect
immobilised proteins is provided in Table 3.

PVDF membranes were then extensively washed in TBS-T, before
incubating with the appropriate secondary antibody conjugated to horseradish
peroxidase (HRP), under the same conditions and dilutions as for the primary
antibody incubation. FL-PVDF membranes were extensively washed in TBS, then
incubated with the appropriate fluorescently labelled secondary antibody under the
same conditions and dilutions as for the primary antibody incubations. A full list of
secondary antibodies used is provided in Table 4. PVDF membranes were washed in
TST-T, once in water, and proteins were Vvisualised using enhanced
chemiluminescence on photographic film. Enhanced chemiluminescence solution
(ECL) was made with a 1:1 mix of each of the following solutions, and applied to the
membrane: solution 1, 25 mM Luminol (3-aminophthalydazide), 0.3 mM p-coumaric
acid, 100 mM Tris-HCI pH 8.5; solution 2, 0.01 % (v/v) hydrogen peroxide, 100 mM
Tris-HCI pH 8.5. After incubation of membranes for 1 minute in ECL, they were

exposed to film (CL-Xposure film; Thermo Scientific) and proteins were visualised
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after fixation and development of film with a Konica SRX-101A processor. FL-PVDF
membranes were washed in TBS, once in water, then fluorescently labelled
secondary antibodies were directly visualised using a LiCor Odyssey Sa Infrared

imaging system (LiCor).

2.2.6.6 Immunofluorescence (IF)
IF experiments were carried out to visualise the subcellular localisation of various
proteins. Cells were grown on 19 mm glass coverslips housed in 12 well plates prior
to manipulation and subsequent fixation. Media was removed from cells, which were
washed twice in PBS, prior to fixation of cells either in formalin (37 % formaldehyde
(BHD Chemicals) diluted to 4 % in PBS)) for 10 minutes at room temperature, or 4 %
(w/v) paraformaldehyde (4 % PFA) for 20 minutes at room temperature. The fixative
was removed from cells following the appropriate incubation, cells were washed 3
times with PBS, then either stored in PBS at 4 °C, or cells were permeabilised in 0.5
% (v/v) Triton-X 100 in PBS for 12 minutes at room temperature. Permeabilised cells
were washed 3 times in PBS, then blocked in 2 % (v/v) FBS in PBS for 30 minutes.
Primary and secondary antibody incubations were both performed with
antibodies diluted to the appropriate concentration in 2 % (v/v) FBS in PBS; after
blocking, cells were incubated with 50 pL of the appropriate primary antibody for 1 hr
at room temperature. Cells were then washed in PBS and incubated with 50 pL of the
appropriate fluorescently labelled secondary antibody for 1 hr at room temperature. A
list of the primary and secondary antibodies used for IF, and their concentrations, is
provided in table 3 and 4. Cells were washed in PBS prior to mounting onto glass
slides using ProLong Gold anti-fade reagent (Invitrogen) containing DAPI (4',6-
diamidino-2-phenylindole) to allow visualisation of cell nuclei. Mounted coverslips
were allowed to cure at room temperature for 24 hrs prior to visualisation, and kept at
4 °C in the dark for long term storage. Slides harbouring fixed and stained cells were
analysed by confocal microscopy; confocal images were captured on either an
inverted LSM (laser scanning microscope) 510 META Axiovert 200M, or an upright
LSM 510 META Axioplan microscope (Carl Zeiss Ltd). The excitation and emission
spectra of the lasers used are as follows; for the detection of DAPI, excitation
wavelength 405 nm, emission wavelength 450 nm, for the detection of Alexa Fluor
488 conjugated secondary antibodies, excitation wavelength 488 nm, emission
wavelength 518 nm, and for the detection of Alexa Fluor 568 conjugated secondary
antibodies, excitation wavelength 543 nm, emission wavelength 590 nm. All pinholes

were set to allow optical sections of 1-2 pm to be captured.
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2.2.6.7 Live cell imaging

Cells were seeded into glass bottom plates prior to transfection with EGFP-CCHFV N
or EGFP (as described in section 2.2.5.1). 24 hrs after transfection, complete media
was replaced with CO, independent, phenol red-free media (Life Technologies) and
images of cells expressing EGFP or EGFP-CCHFV N were captured on the inverted
LSM 510 META confocal microscope (Carl Zeiss). Cells were maintained at 37 °C
with a heated stage throughout imaging. EGFP allowed direct visualisation of EGFP-
CCHFV N in transfected cells when illuminated with light of wavelength 488 nm, the

excitation wavelength of EGFP.

2.2.7 Immunoprecipitations

2.2.7.1 GFP-Trap IPs

Immunoprecipitation (IP) was used to enrich EGFP-CCHFV N and EGFP from SILAC
labelled 293T cells using a GFP-Trap (chromotek). GFP-Traps are composed of
agarose beads covalently conjugated to camelid antibodies (only contain the antibody
6heavyd chain) that specifi kysate$from4el®omgfni s e
dishes containing SILAC labelled cells transfected with EGFP or EGFP-CCHFV N
were prepared as described in section 2.2.6.1. EGFP was transfected into Medium
(R6K4) labelled cells and EGFP-CCHFV N was transfected into Light (ROKO) labelled
cells. Two IPs were performed separately, each using 30 uL GFP-Trap bead slurry.
GFP-Trap beads were pre-equilibrated in ice-cold dilution buffer (10 mM Tris-HCI pH
7.5, 150 mM NaCl, 0.5 mM EDTA, and 1 x protease inhibitor cocktail (Roche)) as
follows; GFP Trap beads were sedimented by centrifugation at 2700 x g at 4 °C for 2
minutes, the storage buffer (20 % ethanol) was removed, and GFP-Trap beads were
washed twice in dilution buffer with the above centrifugation step repeated between
each wash, then resuspended in 500 uL dilution buffer. Cell lysates from EGFP and
EGFP-CCHFV N transfected cells were adjusted to a total volume of 1 mL with
dilution buffer, equilibrated GFP-Trap beads were centrifuged at 2700 x g for 2
minutes at 4 °C, dilution buffer was removed, and GFP-Trap beads were resuspended
in 1 mL cell lysates.

Cell lysates were incubated with GFP-Trap beads for 2 hrs with rotation at 4
°C to allow anti-GFP antibodies to bind EGFP and EGFP-CCHFV N. EGFP or EGFP-
CCHFV N bound GFP-Trap beads were centrifuged at 2700 x g to sediment GFP-
Trap beads, then supernatant containing unbound cellular proteins was removed.
GFP-Trap beads were then washed once in dilution buffer, once in dilution buffer

containing 275 mM NacCl and proteins were eluted from GFP-Trap beads by heating
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at 95 °C for 10 minutes in the presence of 50 pL 2 x LDS-sample buffer (10 mM Tris-
HCI pH 7.5, 150 mM NacCl, 0.5 mM EDTA, 1 x protease inhibitor cocktail, 1 x LDS and
50 mM DTT). Equal volumes (15 uL) of material from EGFP and EGFP-CCHFV N IPs
were combined and sent to Dundee Cell Products Ltd for MS analysis. GFP-Trap IPs
were also performed on unlabelled cells transfected with EGFP or EGFP-CCHFV N.

2.2.7.2 Dynabead IPs

Recombinant protein G-coupled Dynabeads (Novex) were used to IP untagged
CCHFV N and HAZV N from cell lysates using anti-CCHFV N or anti-HAZV N
antibodies (section 3.2.4 describes the generation of these antibodies). Recombinant
Protein G is a bacterial protein that binds antibodies via their Fc region. Dynabeads
are wuni f or m, paramagnetic beads with eecombinant protein G covalently

conjugated to their surface. Dynabead IPs were carried out using a Dynabead Protein

G immunoprecipitation kit (Life Technologies) accor di ng t o t he

instructions. 50 pL Dynabeads were transferred into 1.5 mL microfuge tubes, and
placed against a magnet; beads migrated to the side of the tube facing the magnet,

the supernatant was removed, and replaced with 10 gL anti-CCHFV N or anti-HAZV N

diluted in 200 &L Ab BlifeaTechnopgies)nDynabeads Wweren g

incubated with anti-CCHFV N or anti-HAZV N for 30 minutes with rotation at room
temperature to allow antibodies to bind Protein G, then tubes were placed next to a
magnet and supernatants containing unbound antibodies were removed. Dynabeads
were washed once in Ab binding and washing buffer, then anti-CCHFV N or anti-
HAZV N bound Dynabeads were incubated with cell lysates prepared as described in
section 2.2.6.1, for 15 minutes at room temperature with rotation.

Dynabeads with antigen-antibody complexes bound were washed three
times in wash buffer (Life Technologies). Dynabeads with bound antigen-antibody
complexes were transferred to a new microfuge tube, and proteins were eluted by
heating at 95 °C for 10 minutes in 2 x LDS buffer (10 mM Tris-HCI pH 7.5, 150 mM
NaCl, 0.5 mM EDTA, 1 x protease inhibitor cocktail, 1 x LDS and 50 mM DTT).

2.2.8 Mass spectrometry (MS) analysis of SILAC labelled GFP-Trap IPs

2.2.8.1 SDS PAGE, tryptic digest, and NanoLC MS ESI MS/MS analysis

MS analysis was performed by Dundee Cell Products Ltd. Protein samples generated
by EGFP immunoprecipitations were separated by one- dimensional SDS-PAGE (4-

12% bis-Tris Novex mini-gel, Invitrogen). The resulting separated proteins were cut
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from the gel in 10 slices and subjected to in-gel digestion with trypsin. Trypsin
digested peptides were separated using an Ultimate U3000 nanoflow LC-system
(Dionex Corporation) consisting of a solvent degasser, micro and nanoflow pumps,
flow control module, UV detector and a thermostated autosampler. A sample volume
of LQcomprising 2 ¢€g) was | oadeldminwonto h a co
PepMap C18 trap column (0.3 mm x 5 mm, Dionex Corporation). After trap
enrichment peptides were eluted onto a PepMap Cl18 nanoc ol umn (75 &em x ]
Dionex Corporation) with a linear gradient of 5-35 % solvent B (90 % acetonitrile with
0.1% formic acid) over 65 min at a constant flow rate of 300 nL/min. The HPLC
system was coupled to a LTQ Orbitrap XL (Thermo Fisher Scientific Inc) via a nano
ES ion source (Proxeon Biosystems). The spray voltage was set to 1.2 kV and the
temperature of the heated capillary was set to 200 °C. Full scan MS survey spectra
(m/z 335-1800) in profile mode were acquired in the Orbitrap with a resolution of
60,000 after accumulation of 500,000 ions. The five most intense peptide ions from
the preview scan in the Orbitrap were fragmented by collision-induced dissociation
(normalized collision energy 35%, activation Q 0.250 and activation time 30 ms) in the
LTQ after the accumulation of 10,000 ions. Maximal filling times were 1,000 ms for the
full scans and 150 ms for the MS/MS scans. Precursor ion charge state screening
was enabled and all unassigned charge states as well as singly charged species were
rejected. The dynamic exclusion list was restricted to a maximum of 500 entries with a
maximum retention period of 90 seconds and a relative mass window of 10 ppm. The
lock mass option was enabled for survey scans to improve mass accuracy. The data

were acquired using Xcalibur software.

2.2.8.2 Peptide quantification

Quantification was performed with MaxQuant version 1.0.7.4 (Cox and Mann 2008)
and was based on two-dimensional centroid of the isotope clusters within each SILAC
pair. To minimize the effect of outliers, protein ratios were calculated as the median of
all SILAC pair ratios that belonged to peptides contained in the protein. The
generation of peak list, SILAC- and extracted ion current-based quantitation,
calculated posterior error probability, false discovery rate based on search engine
results, peptide to protein group assembly, and data filtration and presentation was
carried out using MaxQuant. The derived peak list was searched with the Mascot
search engine (version 2.1.04; Matrix Science, London, UK) against a concatenated
database combining 80,412 proteins from International Protein Index (IPl) human
protein database version 3.6 (forward database), and the reversed sequences of all

proteins (reverse database). Proteins were quantified if at least one MaxQuant-
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gquantifiable SILAC pair was present. Identification was set to a false discovery rate of

1 % with a minimum of 2 quantifiable peptides.

2.2.9 Virological techniques

2.2.9.1 Virus infection and propagation

Infectious HAZV was used as the clarified cell culture supernatant from infected SW13
cells. HAZV was diluted to the desired MOI in SFM, then complete media was
removed from appropriately seeded cells, which were washed once in PBS. PBS was
removed from cells and replaced with SFM containing HAZV. Cells were incubated
with HAZV at 37 °C with gentle rocking for 1 hr to allow HAZV to adsorb to cell
surfaces, SFM containing HAZV was then removed from cells, cells were washed
once in PBS, then incubated with DMEM supplemented with 2 % FBS at 37 °C, 5 %
CO; in humidified incubators. In all experiments using HAZV, mock infected cells were
included as a control; mock infections were carried out as described above with the
exception that the SFM did not contain HAZV.

HAZV was propagated in SW13 cells seeded in T175 cm? flasks, when cells
reached 60-70 % confluency. Cells were infected as described above with HAZV at an
MOI 0.001. HAZV was allowed to replicate for 4 days, then the supernatant containing
infectious HAZV was harvested, and clarified by centrifugation at 4000 x g at 4 °C for
20 minutes. Clarified supernatant was directly used to infect SW13 cells. The titre of
infectious HAZV was estimated by plaque assay (described below); typical yields from
virus propagation experiments were between 1 x 10° and 1 x 10 plaque forming units

per mL (pfu/mL).

2.2.9.2 HAZV titre determination by plague assay

Plague assays were performed in duplicate in 12-we | | pl at es; 25 L HAZ
by a factor of 1 0" dilution), 2vich was furthSrisadially dill@ed to

generate 10?1 10° dilutions. These HAZV dilutions were used to infect SW13 cells as

described in section 2.2.9.1. 2 x 10° SW13 cells were plated out in 12 well plates for

plague assays, ensuring cells were ~90-95 % confluent when infected. After HAZV

adsorption, virus was removed from cells and replaced with complete media diluted

1:1 with 1.6 % (w/v) high viscosity carboxy-methyl cellulose (CMC; Sigma). The
CMC/complete media overlay prevented HAZV from migrating through media, and

ensured that following secretion from an infected cell, HAZV particles could only infect

cells that immediately neighbour the previously infected cell. HAZV is cytopathic,
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therefore the CMC/complete media overlay ensured that over the course of the assay
(6 days), plaques were formed as HAZV infection resulted in cell death in very defined

regions.

Cells were incubated for 6 days, then fixed in 20 % (v/v) formalin for 1 hr. Cells were
washed 3 time in ddH,0, then plagues were visualised by staining cells with crystal
violet solution (0.1 % (w/v) crystal violet, 20 % ethanol) for 15 minutes. The
chromophore containing component of crystal violet is positively charged at neutral pH
and binds to the negatively charged cell membrane; the cell monolayer in a plaque
assay therefore appears purple, and areas where HAZV has replicated and killed cells
(plaques) are not stained and appear transparent. Virus titre was estimated using the

following equation:

£0 60RO 6 QI
Q04 6 QEDED E 0 6 a0

W Qi &NOR "X Q& O

2.2.9.3 Purification of HAZV by density gradient centrifugation

HAZV was purified from clarified cell culture supernatants through the use of density
gradient centrifugation to remove the culture media and the majority of cellular
components. A continuous 5 % - 25 % iodixanol gradient was prepared at least 24 hrs
prior to use by sequentially layering 1 mL of 25 %, 20 %, 15 %, 10 % and 5 % (v/v)
iodixanol diluted in TNE buffer (0.01 M Tris pH 7.4, 0.1 M NaCl, 1 mM EDTA) into a
13 x 51 mm PolyClear open-top centrifuge tube (SETON). Between each layer
application the gradient was frozen on dry ice. Following application of the final layer
the gradient was stored at -80 °C. Before use, the gradient was thawed at room
temperature overnight to allow the layers to diffuse into one another. lodixanol
supplied as a 60 % solution in water (
density gradient medium, as iodixanol is non-ionic, non-toxic to cells, and is

metabolically inert.

Clarified supernatant containing infectious HAZV was mixed with 50 % (w/v)
PEG 6000 in TNE buffer, such that the final concentration of PEG 6000 was 10 %
(wiv). HAZV was precipitated overnight at 4 °C as this mixture was continually stirred.
Precipitated HAZV was recovered by centrifugation at 4000 x g for 30 minutes at 4 °C,
and the resulting pellet was resuspended in 1 mL of TNE buffer and layered over the
5 % - 25 % continuous iodixanol gradient. The resuspended HAZV pellet and gradient
were ultracentrifuged at 250,000 x g for 2.5 hrs at 4 °C in an AH650 swinging rotor.

After ultracentrifugation an opalescent band was observed ~ 2/3 way down the
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gradient; this was removed using a 1 mL syringeand a25gauge needl e

mixed gently, and frozen at -80 °C. This fraction containing infectious HAZV was
plague assayed to estimate infectious virus titre, and BCA assayed to estimate protein
concentration. A sampl e c ontused hyiheatng forl1D

minutes at 95 °C in the presence of LDS and DTT and sent for MS analysis.

2.2.10 Mass spectrometry analysis of the fraction containing infectious HAZV

MS analysis of the fraction containing infectious HAZV was performed to identify
cellular proteins that co-purified with infectious HAZV. MS analysis was carried out by
Dr Stuart Armstrong at the University of Liverpool, and is described below.

2.2.10.1 SDS-PAGE and Tryptic digestion

The viral protein preparation and controls were run approximately 1 cm into a
NUPAGE® (Life Technologies) precast 4-12% gel Tris-Bis gradient gel and the
proteins were stained with colloidal Coomassie Blue G-250 (Simply Blue™, Life
Technol ogi es) according t o t he
The entire gel lane was excised and cut into smaller pieces (approx. 1mm?®). Gel
pieces were destained in 50 % acetonitrile/50 mM ammonium bicarbonate (pH ~8),
reduced for 30 minutes at 37 °C with 10 mM dithiothreitol (Sigma) in 50 mM
ammonium bicarbonate and alkylated with 55 mM iodoacetamide (Sigma) in 50 mM
ammonium bicarbonate for 30 minutes in the dark at room temperature. Gel pieces
were washed for 15 minutes in 50 mM ammonium bicarbonate and dehydrated with
100% acetonitrile. Acetonitrile was removed and the gel plugs rehydrated with 0.01
Mg/UL proteomic grade trypsin (Sigma) in 50 mM ammonium bicarbonate. Digestion
was performed overnight at 37 °C. Peptides were extracted from the gel plugs using
successive 15 minute incubations of 3% (v/v) acetonitrile 0.1% (v/v) TFA. Peptide
extracts were pooled and reduced to dryness using a centrifugal evaporator
(Microfuge concentrator plus) and re-suspended in 3% (v/v) acetonitrile, 0.1% (v/v)

TFA for analysis by mass spectrometry.

2.2.10.2 NanoLC MS ESI MS/MS analysis

Peptide mixtures (2 pL) were analyzed by on-line nanoflow liquid chromatography
using the nanoACQUITY-nLC system (Waters MS technologies, Manchester, UK)
coupled to an LTQ-Orbitrap Velos (ThermoFisher Scientific, Bremen, Germany) mass

a

spectrometer equipped with the manufacturer 6 s nanospray i o0on
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column (nanocACQUITY UPLCTM BEH130 C18 15cm x 75um, 1.7um capillary column)
was maintained at 35 iC and a flow-rate of 300 nL/min. The gradient consisted of 3-
40 % acetonitrile in 0.1 % formic acid for 150 minutes then a ramp of 40-85 %
acetonitrile in 0.1 % formic acid for 5 minutes. Full scan MS spectra (m/z range 300-
2000) were acquired by the Orbitrap at a resolution of 30,000. Analysis was
performed in data dependant mode. The top 20 most intense ions from MS1 scan (full
MS) were selected for tandem MS by collision induced dissociation (CID) and all
product spectra were acquired in the LTQ ion trap.

Spectral data were transformed to .mgf files with Proteowizard (version3.0,
(Chambers, Maclean et al. 2012) and used for peptide identification using the Mascot
(version 2.3.02, Matrix Science) search engine. Tandem MS data were searched
against the HAZV and human predicted proteomes (UniProt Release 2014 02).
Mascot search parameters were as follows; precursor mass tolerance set to 10ppm
and fragment mass tolerance set to 0.8 Da. One missed tryptic cleavage was
permitted. Carbamidomethylation (cysteine) was set as a fixed modification and
oxidation (methionine) set as a variable modification. Mascot search results were
further processed using the machine learning algorithm Percolator. The false
discovery rate was < 1%. Individual ion scores > 13 indicated identity or extensive
homology (p < 0.05). Approximate, label-free, spectral counting based quantitation of
the proteins was determined using the Exponentially Modified Protein Abundance
Index (emPAl) calculated automatically by the mascot search engine (Ishihama, Oda
et al. 2005).

2.2.11 Inhibitor studies

In all assays the inhibitors remained in the medium throughout the experiment, and

the final concentration of DMSO in the medium did not exceed 0.2 % (v/v).

2.2.11.1 Inhibition of HSP70 with VER155008 and pifithrin-p
The small molecule inhibitors VER155008 (Sigma) and pifithrin-u (PIF; Sigma) (a
commonly used synonym for PIF is: 2-Phenylethynesulfonamide (PES)) were used to
assay the effect of inhibition of HSP70/HSC70 on HAZV replication. VER and PIF
were both dissolved in dimethyl-sulphoxide (DMSO; Sigma) to make a 50 mM stock,
which was aliquoted and stored at -20 °C. Immediately prior to use, 50 mM stocks
were thawed and diluted with DMSO to make 10 mM aliquots; these were further
diluted in DMEM supplemented with 2 % FBS to the appropriate concentration
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(between 40 &M an°SWD3.cdlisiwere dbpded in12 well pldies such
that cells were 60-70 % confluent when complete media was removed from cells, cells
were washed once in PBS, and media containing the appropriate concentration of PIF
and VER was added to cells. After 1 hr, cells were infected with HAZV at MOI 1 as
described in section 2.2.9.1; after adsorption HAZV was removed from cells and
replaced with fresh media containing the appropriate concentrations of PIF and VER.
24 hrs after infection cell culture supernatants and whole cell lysates were harvested

and plaque assayed (section 2.2.9.2), or analysed by western blot (section 2.2.6.5).

2.2.11.2 Inhibition of caspase-3 and executioner caspases with Z-DEVD-FMK and Z-
FA-FMK

Z-DEVD-FMK (BD Biosciences) and Z-FA-FMK (Santa Cruz Biotechnology) were
used to assess the effect of inhibiting caspase-3 and the executioner caspases on
HAZV replication. Z-DEVD-FMK and Z-FA-FMK were reconstituted in DMSO to make
a stock concentration of 20 mM. Immediately prior to use aliquots were thawed and
diluted in DMEM supplemented with 2 % FBS to a final concentration of 20 uM or 40
M. SW13 cells were seeded at 1 x 10° cells per well in 12-well plates, 24 hrs later
cells were infected with HAZV at an MOI 1 as described in section 2.2.9.1. After
adsorption of HAZV to cell membranes, SFM containing HAZV was removed from
cells and replaced with DMEM supplemented with 2 % FBS, and the appropriate
concentration of either Z-DEVD-FMK, or Z-FA-FMK. Cell culture supernatants and
whole cell lysates were harvested 24, 48, or 72 hrs after infection and plaque assayed

(section 2.2.9.2) or analysed by western blot (sections 2.2.6.5).

2.2.12 MTT assay

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assays were used
to assess the cytotoxity of siRNA, Z-DEVD-FMK, Z-FA-FMK, PIF, and VER
treatments on SW13 cells. The MTT assay is a colorimetric assay to determine cell
viability, that is based on the cleavage of yellow tetrazolium salt (MTT) by
mitochondrial enzymes to form a soluble, blue formazan product; the amount of
formazan produced is directly proportional to the number of living, not dead cells, and
can be detected by absorption of light at 570 nm. 1 x 10* SW13 cells were seeded in
96 well plates 24 hrs prior to treatment with siRNA, Z-DEVD-FMK, Z-FA-FMK, PIF
and VER; 24 hrs, 48 hrs, or 72 hrs after treatment, MTT assays were performed using

the CellTiter 96 Non-radioactive cell proliferation assay kit (Promega), according to
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the manufacturero6s instructi ons. edAdiredtly ®
cells in 96 well plates, cells were incubated at 37 °C for 4 hrs, prior to the addition to
the solubilisation/stop solution to wells to solubilize the formazan product. After
overnight incubation, absorbance at 570 nm was recorded with the TECAN infinite
F50 plate reader. In each case viability of cells treated with siRNA, Z-DEVD-FMK, Z-
FA-FMK, PIF or VER was compared to cells treated with either 0.1 % or 0.2 % (v/V)
DMSO. Cell viability at these concentrations of DMSO did not vary from untreated

cells.

2.2.13 TUNEL (terminal dUTP nick-end labelling) assay

DNA fragmentation and apoptosis induced by HAZV was detected with an In Situ Cell

Death Detection Kit, Fl uorescein (Roche)

SW13 cells were seeded onto glass coverslips housed in 6 well plates 24 hrs prior to
infection. Cells were infected with HAZV at MOI 1 or mock infected (section 2.2.9.1),
then 24, 48, or 72 hrs after infection, cells were fixed in 4 % (w/v) PFA (section
2.2.6.6). Cells were permeabilised in 0.1 % (v/v) Triton-X 100 diluted in 0.1 % (w/v)
sodium citrate for 5 minutes on ice. DNA strand breaks were then identified by
labelling f r e ©H BMNA ends using the In Situ Cell Death Detection Kit, Fluorescein
(Roche); this kit contains the enzyme terminal deoxynucleotidyl transferase (TdT)
which catalyzed the polymerization of fluorescently labellednucl| eot i d e@H
DNA ends in a template independent manner, when cells were incubated with the
TUNEL reaction mix for 1 hr at 37 °C. Fluorescein labelled nucleotides incorporated
into nucleotide polymers were detected and quantified by fluorescence microscopy

using the upright LSM 510 META confocal microscope (Carl Zeiss Ltd).
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2.3 LIST OF ANTIBODIES

2.3.1 Primary antibodies used in western blot analysis and/or IF

Table 3 Primary antibodies used in western blot analysis and/or IF staining

Target Vendor gi:r?Loegrue \(;\ill?ﬂion IF dilution
EGFP Santa Cruz sc-8334 1:1000 N/A
vimentin Santa Cruz sc-966 1:1000 N/A
actin Sigma Aldrich A3853 1:1000 N/A
B23 Santa Cruz sc47725 1:1000 N/A
p53 Cell Signaling 9282 1:1000 N/A
GAPDH Abcam ab8245 1:5000 N/A
CCHFV N in house N/A 1:10,000 1:1000
HAZV N in house N/A 1:5000 1:500
HSP70/HSC70 Abcam Ab6535 1:1000 1:100
HSP70 Enzo Life ADI-SPA- 1:1000 N/A
sciences 810-D
HSC70 Santa Cruz sc-7298 1:1000 N/A
Cleaved caspase-3 Cell Signaling 9664 1:1000 N/A
(Aspl75)
Caspase-3 Cell Signaling 9665 1:1000 N/A
PARP Cell Signaling 9542 1:1000 N/A
Cleaved PARP Cell Signaling 5625 1:1000 N/A
Caspase-9 Cell Signaling 9508 1:1000 N/A
Cleaved caspase-9 Cell Signaling 7237 1:1000 N/A
(Asp330)
Caspase-7 Cell Signaling 12827 1:1000 N/A
Cleaved caspase-7 Cell signaling 8438 1:1000 N/A

(Asp198)
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2.3.2. Secondary antibodies used in western blot analysis and/or IF

Table 4 Secondary antibodies used in western blot or IF analysis.

Secondary antibodies were conjugated to either horse radish peroxidase (HRP) or a

fluorescent label. These are detailed below.

Target-

primary . : Catalogue | WB IF

antibody CETUEENET | Emeey number dilution | dilution

species

Mouse HRP Sigma A4116 1:5000 N/A

Rabbit HRP Sigma A6154 1:5000 N/A

Rat HRP Sigma A5795 1:5000 N/A

Sheep HRP Sigma A3415 1:5000 N/A

Sheep (Light | HRP Jackson 213-032- 1:10,000 | N/A

chain ImmunoResearch | 177

specific)

Mouse Alexa Fluor Invitrogen Al11061 N/A 1:250
568

Sheep Alexa Fluor Invitrogen Al11015 N/A 1:250
488

Mouse IRDye 680RD | LiCor 926-68072 | 1:10,000 | N/A

Rabbit IRDye LiCor 926-32213 | 1:10,000 | N/A
800CW

Sheep IRDye LiCor 926-32214 | 1:10,000 | N/A
800CW
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CHAPTER 3: DETERMINING THE CRYSTAL STRUCTURE OF HAZV N

3.1: CHAPTER INTRODUCTION

High resolution X-ray crystallography was used to determine the structure of ~90 % of
all deposits currently in the Protein Data Bank (PDB). During an X-ray crystallography
experiment X-rays are diffracted by electrons within a crystal; collection of this data
allows the calculation of an electron density map, into which an atomic model of the
molecule can be built. Structure solution by X-ray crystallography poses a number of
difficulties; s o me of t hese are fundarméd retmdl, de
section 3.3.2, along with the method used in this study to address it in section 3.3.4),
and other difficulties are practical (e.g. crystal growth and manipulation). However X-
ray crystallography remains the prefered option for high resolution structure solution
due to the ability to achieve resolutions that are theoretically only limited by crystal
quality and X-ray wavelength (< 1 A).

Other techniques for macromolecular structural analysis, such as nuclear
magnetic resonance (NMR) and single particle reconstruction of cryo-electron
microscopy (EM) images, although they have advantages and disadvantages over X-
ray crystallography, can only achieve resolutions equivalent to 3-3.5 A and > 10 A,
respectively. These resolutions are not adequate for structure-guided drug design.
New techniques are being developed to overcome some of the current limitations of
X-ray crystallography, such as neutron diffraction (uses the diffration of neutrons from
protons within the crystal) and X-ray free-electron lasers (X-FEL) (produces intensely
brilliant, ultrashort X-ray pulses, over 10 times the brightness of synchrotron radiation),

however these are not yet in widespread use.

This chapter describes the development of a high yield expression system for
full length HAZV N, its purification using GST-resin and ion exchange chromatography,
and crystallisation trials that result in the determination of the crystal structure of
HAZV N. As a result both apo-HAZV N (RNA free) and RNA bound HAZV N
structures were solved. In addition purified HAZV N was used to generate polyclonal
antibodies targeting HAZV N, the uses of these antibodies are described in chapter 4

and chapter 5.
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3.1.1 Introduction to bacterial expression of HAZV N

Structural studies require the abundant production of homogeneous protein; over-
expression of recombinant proteins using prokaryotic E. coli based expression
systems is the most common method of achieving this. The plasmid used here (Figure
3.1) is a pGEX-based vector in which expression of the target protein is under the
control of a tac promoter, a hybrid promoter which contains lacUV5 elements. In this
system IPTG induction directly alleviates repression of the target gene, which results
in its transcription by the RNA polymerase, as the target protein itself is under lac
repression. There are several advantages associated with bacterially expressing
proteins, including homogeneity, low cost, high yield and ease of scale up. One of the
disadvantages of expressing eukaryotic or viral genes in bacteria is the problem of
biased codon usage; if the codon bias of the gene to be expressed differs significantly
from that used by E. coli, there may not be sufficient concentrations of E. coli tRNA
targeting rarely used codons to allow optimal translation. This can be overcome by co-
expressing rarely used tRNAs, or by altering the target gene to change rare to more
commonly used codons, optimal for bacterial expression. This section outlines the
process of optimising bacterial expression and purification of full length HAZV N
protein.

3.2 RESULTS: EXPRESSION AND PURIFICATION OF HAZV N

3.2.1 Cloning of HAZV N ORF into the pGEX6P2 expression vector

The HAZV N ORF optimised for bacterial expression was synthesised by Dundee Cell
Products, and was provided cloned into a pET 28-SUMO expression vecto
BamHI and 306 Xhol restriction sites. This ¢
HAZV N, so to improve expression the HAZV N ORF was subcloned into the
PGEX6P2 expression vector, which has an N terminal glutathione S-transferase (GST)
tag and a human rhinovirus (HRV) 3C protease cleavage site (Figure 3.1 (B)). The
GST tag allows purification by glutathione affinity chromatography and is known to

help the solubility of recombinant proteins.

The HAZV N fragment was subcloned by direct digestion from the pET 28-
SUMO vector and ligation into the pGEX6P2 vector using BamHI and Xhol restriction
enzymes. Following double digestion of both the pET 28-SUMO vector and empty
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pGEX6P2 vector, the HAZV N ORF fragment was isolated by agarose gel
electrophoresis and gel extracted, then ligated into the digested, empty pGEX6P2
vector and transformed into JM109 cells. The correct orientation and sequence of the
insert was confirmed by DNA sequence analysis. This construct will be referred to as
pPpGEX-HAZV N and resulted in the expression of an N terminally GST tagged HAZV N
(GST-HAZV N). Following cleavage of the GST tag with HRV 3C protease, five non-
native residues (Gly-Pro-Leu-Gly-Ser) remained at the N-terminus of HAZV N. A
schematic representation of the GST-HAZV N fusion protein is shown in Figure 3.1 (A)
and a schematic representation of the pGEX-HAZV N vector used to express it in
Figure 3.1 (B).

HRYV 3C site
(6216) Bsu36I EcoNI (268)
Mscl (465)
(5(357:)6)8?(!&]” BsgBI (Iss(s) S
(s5763) Narl* wal (685
(5762) Kasl ; Bl 163
(5573) EcoRV O\ (ac promoter BamHI (345)
\ xa
3 fwd Ncol (949)
ek Nhel (369)
Bmtl (973)
PmII (994)
Psil (1087)
(5123) Miul FspAI (1190)
Afel (1321)

g pGEX-HAZV N RsrIl (1530)
(4806) BStAPI s Nrul (1572)
3 6424 bp
(470s) PfIMIL %
% BsiWI (1796)
2 Nsil (1847)
3 BspDI* - Clal* (1870)

BspEI (2156)

Aval - BsoBI - PaeR7I - PspXI - TIiI - Xhol (2409)
BmeT110I (2410)
Eagl - Notl (2415)
Pfol (2491)
PfIFI - Tth111I (2594)
Zral (2698)
(3553) Bsal AatIl (2700)

Figure 3.1 Schematic representation of GST-HAZV N, and plasmid map of the
HAZV N ORF in the pGEX6P2 vector.

HAZV N was fused at the N terminus to GST, which could be cleaved from HAZV N at
the HRV 3C site using HRV 3C protease (A). The plasmid map (B) was generated

using SnapGene software.
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3.2.2 GST-HAZV N expression and purification

3.2.2.1 GST-HAZV N expression

Initial expression of GST-HAZV N from pGEX-HAZV N was tested using the optimal
conditions achieved for CCHFV N (Carter, Barr et al. 2012) as a starting point. His-
SUMO-CCHFV N was expressed as follows: overnight induction at 18 °C in Rosetta 2
cells with 100 uM IPTG; cell recovery by centrifugation and resuspension in lysis
buffer, sonication of lysates, then clarification of lysates by centrifugation. When using
these conditions to express GST-HAZV N from pGEX-HAZV N, SDS-PAGE analysis
showed the GST-HAZV N fusion protein was well expressed, and was soluble,
although there was also a large amount of insoluble GST-HAZV N. This was
addressed by increasing the percentage of Triton-X 100 in the lysis buffer from 0.1 %
to 1 % (v/v), and including a 30 minute incubation stage on ice prior to sonication. The
predicted molecular weight of GST-HAZV N is 80 kDa; when analysed by SDS PAGE
GST-HAZV N actually has an apparent molecular weight of slightly lower than 80 kDa,

however this may just be an artefact of electrophoresis (Figure 3.2).
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Figure 3.2 Initial expression of GST-HAZV N

Expression of GST-HAZV N from pGEX-HAZV N in Rosetta-2 cells overnight at 18 °C
with 100 pM IPTG, followed by pellet resuspension in lysis buffer, sonication of

lysates, and clarification of lysates by centrifugation.
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Following expression of GST-HAZV N, glutathione sepharose affinity chromatography
was used to purify GST-HAZV N from bacterial cell lysates. Clarified bacterial cell
lysate was combined with GST resin in batch, and incubated with rotation at room
temperature for 1 hr to allow GST-HAZV N to bind. A considerable amount of GST-
HAZV N remained unbound after 1 hr, therefore overnight binding of GST-HAZV N to
GST resin at 4 °C was also tested. However this resulted in more protein precipitating
out of solution without any apparent increase in HAZV-N vyield, therefore in all
subsequent experiments clarified lysates were incubated with GST resin for 1 hr at
room temperature. GST resin with GST-HAZV N bound was washed once in binding
buffer, then to dissociate E. coli derived RNA from GST-HAZV N, resin was washed
once in buffer containing 1.5 M NacCl

HAZV N that co-eluted with less bacterially derived RNA than RNA bound-HAZV N;
the 1.5 M NaCl wash step was excluded when RNA-bound HAZV N was purified.
Resin with GST-HAZV N bound was then equilibrated in another binding buffer wash,
prior to three successive elutions in buffer containing reduced glutathione to
dissociate GST-HAZV N from the resin (Figure 3.3). Eluted GST-HAZV N was
incubated with HRV 3C protease to cleave the GST tag from HAZV N; this resulted in
the production of a strong band of ~54 kDa (the correct predicted molecular weight for
HAZV N) when visualised by SDS PAGE and Coomassie staining (Figure 3.3 (B)).
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Figure 3.3 Expression of GST-HAZV N and removal of the GST tag

Purification and HRV 3C cleavage of GST-HAZV N resulted in the release of soluble
HAZV N with an apparent molecular weight (MW) of 54 kDa. (A) SDS PAGE gel
showing the purification of GST-HAZV N by glutathione sepharose affinity
chromatography. (B) SDS PAGE gel showing cleavage of GST-HAZV N with HRV 3C
protease to release HAZV N.

3.2.2.2 Size exclusion chromatography

After removal of the GST tag with HRV 3C protease, further purification of HAZV N
was needed to isolate fully cleaved HAZV N from uncleaved GST-HAZV N and GST.
In order to achieve this, and to analyse the oligomeric status of HAZV N, size
exclusion chromatography was carried out (section 2.2.2.3). Size exclusion
chromatography can separate protein mixtures on the basis of protein size, due to the
differential exclusion of larger proteins from pores in the chromatography beads that
make up the column. Larger proteins and multimers are eluted first, as they cannot
enter the pores in the beads and pass straight through the column; smaller proteins
are eluted afterwards, as they interact with the pores in the beads and take a longer

time to pass through the column. Given the difference in predicted molecular weight of
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GST-HAZV N (80 kDa), HAZV N (54 kDa), and GST (26 kDa), these protein species

should be seperated by size exclusion chromatography.

The size exclusion column was equilibrated in gel filtration buffer overnight,
then the cleaved GST-HAZV N protein mixture was concentrated to a 5 mL volume
and injected onto the column with a 5 mL loop. The column was run at a flow rate of 2
mL/min until the void volume (Vy, ~90 mL) had eluted; fractions were collected from
this point onwards, until a full column volume of buffer had eluted (320 mL). The Asgg
and A,s traces are shown in Figure 3.4 (A), and SDS PAGE gel analysis of the
corresponding fractions are shown in Figure 3.4 (B). Cleaved HAZV N seemed to be
eluted in all fractions analysed between 105 mL and 160 mL. Peak 3 consisted mostly
of nucleic acid and was not analysed by SDS PAGE. Peak 1 contained a mixture of
multimerised HAZV N and uncleaved GST-HAZV N. Complete cleavage of GST-
HAZV N could not be achieved despite increasing the ratio of HRV 3C
protease:elution volume, possibly due to aggregation or misfolding of a small
proportion of GST-HAZV N. Consistent with the observations of (Carter, Barr et al.
2012) and (Wang, Dutta et al. 2012) for CCHFV N, the A,so/Azg ratio appeared to be
greater in the multimeric HAZV N peak (peak 1), implying that this species co-eluted

with more nucleic acid than the monomeric species in Peak 2.

Size exclusion chromatography confirmed that the majority of HAZV N was
monomeric in solution, although higher ordered structures did form that contained a
greater proportion of nucleic acid, in a similar fashion to purified CCHFV N.
Unfortunately GST in solution (26 kDa) multimerises to form a dimer of 52 kDa, which
is very similar to the molecular weight of HAZV N (54 kDa). Protein species so close
in molecular weight cannot be resolved by size exclusion chromatography, therefore
an alternative method of HAZV N purification was attempted. This is described in the
next section, where ion exchange chromatography was utilised in order to separate
HAZV N from uncleaved GST-HAZV N and GST.
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Figure 3.4 Size exclusion chromatography of cleaved HAZV N.

(A) The Asgo/Ass0 absorbance trace indicated protein eluted mainly in 2 peaks; most

protein eluted in peak 2 at 140 mL, which represented proteins of ~54 kDa. (B) SDS

PAGE analysis of fractions from size exclusion chromatography, with the
corresponding peaks labelled. HAZV N, 54 kDa, appeared in all fractions analysed,
although the majority of monomeric HAZV N co-eluted with dimeric GST, therefore

size exclusion chromatography could not be used to purify HAZV N.
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3.2.2.3 lon exchange chromatography

HAZV N and GST have a significantly different isoelectric point (pl), of 8.73 and ~6
respectively, which raises the possibility that they could be resolved using ion
exchange chromatography. A cation exchange column was used (Resource S column)
with all buffers at pH 7 so that HAZV N would be positively charged and bind to the
column, whilst GST (and other contaminants) would be negatively charged and pass
straight through the column without binding. After elution from the GST resin and
cleavage with HRV 3C protease, HAZV N was dialysed into the initial ion exchange
buffer, buffer A, which contained 50 mM NaCl. The low NaCl concentration in buffer A
allowed the positively charged HAZV N to bind to the negatively charged cation
exchange column through ionic interactions. After GST and other contaminants flowed
through, the cation exchange column was washed several times with buffer A. HAZV
N was then eluted by increasing the NaCl concentration in a linear gradient until a
sufficiantly high NaCl concentration was reached to disrupt the ionic interactions
between HAZV N and the column. A linear NaCl gradient was generated by gradually
mixing buffer A (contained 50 mM NaCl) with buffer B (contained 1 M NacCl) using an
Akta purifier pump. HAZV N eluted relatively rapidly after the NaCl concentration
started increasing, which indicated the ionic interaction between HAZV N and the
Resource S column was relatively weak (Figure 3.5 (A)).

SDS PAGE analysis (Figure 3.5 (B)) of fractions collected during ion exchange
chromatography confirmed that the majority of contaminants were removed during this
procedure, including residual GST-HAZV N and GST, as they flowed through the
cation exchange column without binding (Figure 3.5 (A) Peak 1). In contrast HAZV N
bound to the column, and was eluted when the NaCl concentration was increased.

This resulted in the isolation of >95 % pure cleaved HAZV N, Peak 2 in Figure 3.5.
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Figure 3.5 Purification of HAZV N using ion exchange chromatography

lon exchange chromatography resulted in the isolation of HAZV N from GST-HAZV N
and GST. (A) A, absorbance trace shows protein eluted in 2 peaks; Peak 1
represents protein that flowed through the column without binding, and Peak 2
represents protein that bound to the column, and was then eluted by an increasing
NaCl gradient (dashed grey line). (B) SDS PAGE analysis of fractions from ion
exchange chromatography with the corresponding peaks labelled. The majority of
HAZV N eluted in Peak 2, whereas GST-HAZV N and GST flowed through the column
without binding, Peak 1.
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Expression and purification of HAZV N by ion exchange chromatography produced 4-
7 mg > 95 % pure HAZV N per 4 L bacterial culture. Attempts at further optimisation
were unsuccessful, and this was sufficient to proceed with crystallisation trials,
therefore no further optimisation of expression or affinity purification was undertaken.
Preparations of HAZV N that were washed with 1.5 M NaCl whilst bound to the GST
resin had an OD,g/OD,gq ratio of 0.84, indicating that a low level of RNA was present;
the crystal structure derived from these preparations is referred to as Apo-HAZV N.
HAZV N protein preparations that did not have this 1.5 M NaCl wash step included
resulted in purification of HAZV N with an OD,¢0/ODag ratio of 1.04, indicating more
nucleic acid (presumably RNA) co-eluted with this protein. The crystal structure that
resulted from this preparation is referred to as RNA bound-HAZV N.

3.2.3 Section summary

This section presents the optimisation of HAZV N expression and purification from
bacterial cells, ultimately resulting in the purification of 4-7 mg HAZV N per 4 L
bacterial culture that was >95 % pure. The HAZV N ORF was subcloned and
expressed as a GST fusion protein from pGEX-HAZV N, as GST is a well
documented aid for recombinant protein solubility. GST proteins are enzymes that
bind reversibly and with high specificity to their their substrate glutathione, a tripeptide
of glutamate-cysteine-glycine. The ability of GST to bind reversibly to glutathione with
high specificity and high affinity makes GST ideal for affinity chromatography, and
often yields high purity protein.

The 26 kDa GST tag encoded by pGEX vectors is derived from Schistosoma
japonicum (Smith and Johnson 1988), and forms homodimers in solution. This is one
of the disadvantages of using a GST tag for purification of 50-60 kDa recombinant
proteins; GST cannot be removed from the recombinant protein mixture by size
exclusion chromatography, after HRV 3C cleavage of the fusion protein. As shown in
section 3.2.2.2, HAZV N co-eluted with GST homodimers during size exclusion
chromatography, resulting in no further purification of HAZV N. To circumvent this
problem, HAZV N was seperated from uncleaved GST-HAZV N and GST by cation
exchange chromatography, which yielded >95 % pure HAZV N. A schematic
summarising the final optimised purification procedure of HAZV N is shown in Figure
3.6.
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Figure 3.6 Schematic summary of final optimised HAZV N expression and
purification.

GST-HAZV N was expressed in Rosetta 2 cells, purified by glutathione affinity
chromatography, then cleaved with HRV 3C protease to release HAZV N. HAZV N
was further purified by ion exchange chromatography.
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Purified HAZV N was used in two downstream applications; the primary use of HAZV
N was for crystallisation trials and structure solution; in addition HAZV N was used to
generate polyclonal antibodies that bind HAZV N. The strategy used to generate
these antibodies is described in section 3.2.4, and downstream uses of these

antibodies are described in chapter 4 and chapter 5.

3.2.4 Generation of polyclonal antibodies that bind HAZV N

Purified HAZV N was used to generate polyclonal antibodies that recognised native
HAZV N; briefly 1 mg HAZV N protein was sent to Altabioscience, a company that
specialises in custom antibody production. Altabioscience performed an immunisation
programme (which is UK home office and USA National Institutes of Health compliant)
that involved inoculation of a sheep with purified HAZV N, followed by successive
bleeds at one, two, and three months post inoculation. SDS PAGE analysis of HAZV
N sent to Altabiosciences confirmed it was >95 % pure (Figure 3.7), therefore the
serum harvested from these bleeds should contain sheep antibodies that specifically

recognise HAZV N. Applied uses of anti-HAZV N antibodies are described in chapter

4 and chapter 5.
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Figure 3.7 Purified HAZV N used to generate polyclonal anti-HAZV N antibodies

SDS PAGE analysis confirmed that HAZV N sent to Altabioscience was >95 % pure.

89



Chapter 3: Determining the crystal structure of HAZV N

3.3 RESULTS: SOLUTION OF THE HAZV N CRYSTAL STRUCTURE

3.3.1 Crystal growth

3.3.1.1 Introduction to crystal growth

X-ray crystallography requires an abundant source of homogeneous, >95 % pure,
soluble, concentrated protein. Once this has been achieved, using a methodology
similar to that described for HAZV N purification in the previous section, the next
challenge of crystallography is crystal growth. One of the previously mentioned
difficulties associated with crystallography is the necessity for well ordered, high
quality, well-diffracting protein crystals. Highly automated systems, such as the use of
robots for setting up crystal screens, making buffers required for crystallisation, and
monitoring crystal growth, go someway towards standardising experiments, such that
crystallisation conditions can be reproduced more accurately. However, even though
high throughput systems are becoming more common, crystal growth still remains one
of the more challenging aspects of X-ray crystallography.

It is necessary to grow crystals because the intensity of diffracted X-rays from
a single protein molecule are too weak to be detected by even the most sophisticated
equipment. Instead, crystals which contain many copies of a protein, arranged in a
periodic, well-ordered lattice, amplify the signal of the diffracted X-rays and enable
their detection. Protein crystals are grown in the following manner; soluble pure
protein is mixed with a solution containing a precipitant, and is then concentrated to
supersaturation, beyond the concentration at which the protein is soluble (the
solubility curve), such that the phase of the solution moves into the supersaturated
labile zone (nucleation zone). At this point spontaneous nucleation (ordered
aggregation) of protein crystals can (sometimes) occur. The concentration of protein
and precipitants in solution, is not however, allowed to reach the point of precipitation
(disordered aggregation). A solubility phase diagram is shown in Figure 3.8, which

depicts this relationship between precipitant and protein concentrations.
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Figure 3.8 A solubility phase diagram.

Adapted from: http://www.xray.bioc.cam.ac.uk/xray_resources/whitepapers/xtal-in-
action/node3.html. (A) The phase moves from undersaturated to supersaturated as
the concentration of the precipitant and protein increases; once this concentration is
sufficient to enter the supersaturated labile zone (nucleation zone), spontaneous
nucleation of protein crytals occurs, thus lowering the concentration of protein in
solution. At this point the metastable zone is entered, which supports sustained crystal
growth. In the precipitation zone disordered aggregation of protein occurs, and no
crystals grow. The blue arrows represent protein in solution. (B) Crystal growth by
vapour diffusion in hanging drop format.

Proteins and precipitants are concentrated to supersaturation by suspending the

protein:precipitant solution over a reservoire of more concentrated precipitant solution

(the crystallant or 6 mot hsystem I(Figgre1 28 (8)). Aso | ut i o

water evaporates from the protein:precipitant solution, and equilibrium is approached
between the concentration of precipitants in the protein:precipitant solution and the
mother liquor reservoire, the concentration of both precipitant and protein increases,
supersaturation is achieved and (sometimes) spontaneous nucleation (ordered
aggregation) occurs. This decreases the concentration of protein in the
protein:precipitant solution, allowing the phase to enter the metastable zone, which
supports sustained crystal growth either until impurities are incorporated into the

lattice at the surface of the growing crystal, preventing further ordered crystal growth,
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or until the protein is depleted. This method of growing crystals is known as vapour
diffusion; droplets of protein:precipitant solutions are either placed on platforms over a
mot her l i quor reservoire (6sitting drop6),
mot her l i quor r es e r (Figurer3e88 (B)).6lh dathgtécmniguesdtheo p 6 )
coverslips or platforms are sealed, to create a closed system. On average it takes
between 3-7 days for sufficiently large protein crystals to grow, although they can

grow in a matter of hours, or can take weeks or months.

3.3.1.2 HAZV N crystallisation screens and crystal growth

Commercially available sparse matrix screens were used to screen purified HAZV N
protein for initial crystallisation conditions. The mother liquor solutions in the sparse
matrix screens generally contained a combination of precipitants (organic polyalcohols
e.g polyethylene glycol (PEG)), additives (e.g metal ions, detergents, reducing agents),
salts (e.g sodium chloride or ammonium sulphate) and buffers of different pHs. The
mother liquor compositions in the sparse matrix screens were biased towards
conditions that have previously been successful at supporting protein crystal growth.
Each screen was supplied in a high throughput 96 well format, which enabled an
automated robot system to be used that quickly and reproducibly set up sitting drops
with protein:mother liquor ratios of 50:50 and 70:30. The use of multiple sparse matrix
screens, each incubated at either 25 °C, 18 °C, or 11 °C allowed hundreds of potential
HAZV N crystal growth conditions to be assayed. Several different conditions resulted
in the growth of crystals overnight, which increased in size over 2-3 days. The
appearance of crystals in several of the initial sparse matrix screening wells enabled
the optimisation of these conditions, without further extensive screening, or attempting
to proceed with sub-optimal conditions (for example, conditions in which microcrystals

grew due to excessive nucleation, or conditions containing crystalline precipitate).

The two conditions in which the best crystals grew (based on the visual
apprearance of the crystals e.g sufficient size (>20 uM), single crystals, few splits,
sharp edges) were: Wizard 4 A6; 28% (v/v) PEG 400, 0.1 M HEPES pH 7.5, 0.2 M
Calcium chloride and Wizard 3 F5; 15 % (w/v) PEG 10,000, 100 mM sodium citrate
pH 5.5, 2% (v/v) dioxane. Crystals from the Wizard 3 F5 (WF5) looked most promising
visually, therefore this condition was taken forward for further optimisation.
Optimisation was performed using 24-well matrices that were set up manually in
hanging drop format. The percentage of PEG 10,000 and pH were varied, as was the
temperature at which the crystals grew (18 °C, 25 °C and 30 °C). Different types of
PEG (PEG 6000, PEG 8000, PEG 20,000), and different salts (sodium chloride,
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ammonium acetate, lithium sulphate and magnesium chloride) were added to improve
crystal growth, as well as using different droplet sizes and different protein: mother
liquor ratios. Hanging droplets of 1 ul volume, 70:30 protein:mother liquor ratio
generally yielded high quality crystals. Figure 3.9 shows an example of small crystals

grown in the protein:mother liquor droplets during optimisation.

Figure 3.9 Crystals grown in protein:mother liquor droplets.

Although the crystals grown in the protein:mother liquor droplets in (A) and (B) were
relatively small, however the crystals in (A) especially, are uniform and substantial,
and grow as single crystals. In (B) some of the crystals start growing as multiple
crystals from a single point, which made them less likely to diffract well and made it
harder to analyse a single crystal.

Further crystal growth optimisation also included the use of a commercially available
additives screen (Hampton research). This screen contained small molecules
(additives) known to affect crystallisation by disrupting the structure that water
molecules form around the target protein or by altering protein solubility. The Oryx 6
robot was used to set up this screen in 96 well sitting drop format at 25 °C, centred
around the best diffracting condition; 15% PEG 10,000, 100 mM sodium citrate pH 5,
0.2 M sodium chloride, 2% dioxane. Additives were added to a 110% stock solution of
the mother liquor, to a final concentration of 10%. Various conditions resulted in
crystal growth, and a few conditions yielded crystals that were visually improved (e.g

larger or more cuboidal), however none of the conditions yielded crystals that
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diffracted to a higher resolution, or that generated diffraction data of any higher quality.
Streak seeding was also used to try and improve crystal size and quality, but did not
result in any improvement of diffraction resolution or data quality, and so no further

optimisation of this condition was undertaken.

Batch to batch variability between different proteins preparations presented
significant problems during crystal growth optimisaton. Multiple protein preparations
were needed to optimise crystal growth because relatively low yields of HAZV N were
achieved during optimisation of HAZV N expression and purification. Different protein
preparations varied slightly in terms of final protein concentration, final pH, and in their
levels of contaminants. These small, unavoidable differences, significantly impacted
both the ability of HAZV N to form crystals and the quality of the crystals that grew.
HAZV N was frozen at -80 °C, either in the presence or absence of 5% glycerol, then
thawed 2 days later on ice and its ability to form crystals was assayed in known
crystal growth conditions. Although freeze-thawed HAZV N could still crystallise, batch
to batch variation remained a problem.

Once single crystals that were big enough (>20 uM), and good enough quality
grew (no splitting or fracturing), they were manipulated using small loops, in which the
crystal was suspended in its mother liquor solution, an example of which is shown in
Figure 3.10.

Figure 3.10 Loop containing a cuboidal HAZV N crystal at the synchrotron

This crystal was cryo-cooled in liquid nitrogen, and maintained at -173 °C.
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Large (>20 puM), uniform crystals were picked from protein: mother liquor droplets
using these small loops, then crystals were cryo-cooled in liquid nitrogen to reduce the
radiation damage caused by X-rays. Cryo-cooling can be done directly after picking
crystals from the mother liquor droplets, if the mother liquor contains sufficient cryo-
protectant (low molecular weight PEG, glycerol, ethelyne glycol, DMSO). As HAZV N
did not crystallise in any conditions that contained sufficient cryo-protectant, crystals
were instead soaked in cryo-protectant solutions after being picked from mother liquor
droplets. Cryo-protectants are necessary to avoid water freezing as ice crystals during
cryo-cooling, as ice crystals can disrupt the protein crystal lattice and cause high
background diffraction. Cryo-protectants enable water in and around the crystal to
instead cool into vitreous ice (an amorphous glass), thus preventing ice crystal

formation.

Various different cryoprotectants were used to soak HAZV N crystals during
optimisation of HAZV N crystallisation and diffraction, including PEG 200, PEG 400,
glycerol, DMSO, ethylene glycol and MPD (2-Methyl-2 4-pentanediol). PEG 200 was
determined to be the best cryoprotectant, and was used in all subsequent
experiments. Crystals grown in the following condition (15% PEG 10,000, 0.1 M
sodium citrate pH 5, 0.1 M NaCl, 2 % dioxane) provided the diffraction data for both
the Apo-HAZV N, and the RNA bound-HAZV N crystal structures.

3.3.2 Crystal diffraction and data collection

A HAZV N protein crystal was placed in the path of a beam of monochromatic (single
wavelength) X-rays in order to collect X-ray diffraction data. The X-ray source was a
synchrotron (a high brilliance, tuneable source of X-rays) located at the Diamond light
source, the UK national synchrotron science facility. Data was collected using X-rays
because the wavelength of X-rays (1 A = 0.1 nm) is in the same order of magnitude
as the interatomic distances that need to be resolved during a crystallography
experiment. When the crystal is placed in the path of a beam of X-rays, the majority of
X-rays pass straight through the crystal, however occasionally a photon from the X-
ray interacts with the electron density around atoms, and is scattered from the crystal.
The scattered X-ray waves emerge from the protein crystal with different phases and
scattering angles; depending on the way in which the emerging waves combine with
each other, either constructive interference (results in waves with higher amplitudes)
or destructive interference (results in waves with lower amplitudes, or no signal)

occurs. When these waves hit a detector placed in front of the crystal, a pattern of
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discrete intensities is recorded; these are known as reflections. The diffraction pattern
is formed from these reflections, and is the raw data of an X-ray diffraction

(crystallography) experiment.

Braggds | aw defines the circumstances t he

emerging waves will combine constructively to generate a reflection. Each unit cell

(defined in section 3.3.3) within the crystal lattice can be intersected by a set of

parrellel planes ( Br a g g 6 sat g fixeal pans dlong their axis; two waves will only

remain in phase after reflecting from these planes if these planes are a distance (d)

apart, with an angle of imaiydeamawve s( d)f fwarn et
and if the additional distance the second wave musttravel (dsi nd) i s npof mul t i
the wavelength:

ne- ®"EsPnd

This is depicted in Figure 3.11.

Figure 3.11. Braggbs | aw

This defines the lattice spacing (d)anddi f fracti on angle (d) the
X-rays to remain in phase with each other. These two waves combine constructively,
which increases their amplitude, and results in a reflection on the detector. Taken

from http://www-structmed.cimr.cam.ac.uk/Course/Basic_diffraction/Bragg_planes.gif.

The resultant wave that generates a reflection on the detector has contributions from
each diffracting electron in every unit cell throughout the entire crystal. This is due to

the fact that Braggbds planes i ntherefaseeccach e ac h
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unit cell contributes equivalent constructive interference to the emerging wave, and
amplify the emerging signal such that it can be detected. The way in which Br a g
planes intersect each unit cell are described by Miller indices (hkl), which are
assigned to each plane that contributes to the diffraction pattern. Each reflection in the
diffraction pattern can therefore be assigned corresponding Miller indices during
indexing of the diffraction data (section 3.3.3). All the contributing waves across the
whole crystal that result in a single reflection can be added together in the structure
factor equation, which results in a structure factor F,, being assigned to each
individual reflection. The structure factor amplitude |F.q| is proportional to the square
root of the reflection intensity (the reflection intensities and their positions are what is
measured during data collection). Each diffraction pattern only provides information
about the crystal from a single direction, therefore the crystal must be rotated to
collect as much information as possible and to generate a complete dataset. A
different set of resultant waves will be detected at each angle as the crystal is rotated,
as a different set of planes will satisf y Br aggod6s | aw at each

However, many scattering electrons
cell (they lie between the planes at fractional values of d). X-ray waves scattered by
these electrons are out of phase with the resultant waves, and will result in a degree
of destructive interference with the X-ray waves that generate reflections, decreasing
the amplitude of these waves, and resulting in a relative decrease in the intensity of
the reflections. Information about the arrangement of atoms in the unit cell relative to
Br aggds pHemfare provided by the relative intensities of the reflections.
Information about the arrangement of the asymetric units (AU) (the smallest repeating
unit of the crystal lattice), and how they are related to each other (i.e the space group),

is similarly provided in the symmetry of the reflections in the diffraction patterns.

An example of a diffraction pattern collected from crystals of Apo-HAZV N is
shown in Figure 3.12. The intensity of reflections in diffraction patterns and their
symmetry together provides almost all the information needed to generate an electron
density map from the crystal i with the exception of one vital piece of information; the
phase of the resultant waves that generate the reflections. In order to generate an
electron density map from the structure factors, a Fourier transform (a way of
describing a wave as a sum of all its component waves) is required. It is necessary to
know the relative phase of these waves to make sure they are added correctly. The
lack of information about the phases of the resultant waves, due to the way diffraction
data is currently recorded (photon counts on a detector) leads to the fundamental

O6phase p r o bhas déomide sdlvledaih all crystallography (X-ray diffraction)
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experiments. During analysis of diffraction data from HAZV N crystals, the phase
problem was addressed using molecular replacement (outlined in section 3.3.4).

Figure 3.12. Diffraction patterns of Apo-HAZV N .

The symmetry of the reflections together with their intensities provide all the
information needed to determine the X-ray structure, apart from the phase of the
resultant waves that generate the reflections.
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3.3.3 Data processing

The crystal used generate the Apo-HAZV N dataset diffracted to a resolution of 2.7 A
in the P2,2,2, space group, and the crystal used to generate the RNA bound-HAZV N
dataset diffracted to a resolution of 3 A in the P2; space group. The space group of
the crystal describes how the asymmetric units (AU) are arranged in the unit cell, and
it can be determined by the symmetry of reflections in the diffraction pattern. The AU
contains the smallest object that can be repeated to make the entire crystal (Figure
3.13 (B)). The unit cell is the identical repeating unit of the crystal that can be stacked
together to create the periodically arranged, weakly interacting 3-dimensional lattice of
protein and solvent molecules, that is the protein crystal. Unit cells are described by
vectors a, b and c, along axes x, y and z ar
is shown in Figure 3.13 (A). There are a finite number of space groups (65 for proteins)
as there is a finite number of ways in which (protein) molecules can be arranged in

space.
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Figure 3.13. The unit cell.

The unit cell is the smallest identical repeating unit of the crystal that can be stacked

together to create the crystal (B). The unit cell is annotated by vectors a, b, and ¢

along axes x, y and z, and angles U, b and 2
that can be repeated to make the entire crystal (B). Images are taken from:
http://www.rcsb.org/pdb/101/static101.do?p=education_discussion/Looking-at-
Structures/bioassembly tutorial.hntml  and  http://www.tutorsglobe.com/homework-

help/physical-chemistry/unit-cell-72605.aspx .

The dimensions of the Apo-HAZV N unit cell were a=64.99 A, b=76.1 A, c=449.28 A,
U=90 A, BbB=90 A, an d-boand ®1AZV N unit actl weret a=&1.7 BN A
b=84.0 , ¢c=104.5 j, U=90 A, bB=105.74 A, and

After data was collected for Apo-HAZV N and RNA-bound HAZV N crystals, data
processing was carried out by Dr Antonio Ariza and is briefly described in the
following section. X-ray data for both Apo-, and RNA bound-HAZV N crystals was
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indexed and integrated using XDS (Kabsch 2010). Miller indices (hkl) were assigned
to each reflection in the diffraction pattern, and unit cell size and mosaicity was
determined during indexing. Integration is the process of recording multiple intensities,
then averaging with associated error, for each reflection. The dataset was converted
from a series of images into a numerical list of reflection intensities as these two
processes were carried out. A programme called AIMLESS was then used to scale
and merge the dataset; processes that make the dataset internally consistant by
accounting for variation introduced by radiation damage, beam intensity, and detector
inconsistancies. AIMLESS then merges multiple observations of each reflection to
generate an average intensity for each reflection, then calculates a list of normalised
structure factor amplitudes (|Fnq|) based on the inverse relationship between the
intensities of the reflections and the structure factor amplitudes.

AIMLESS also calculates a number of statistics to objectively assess the quality of the
data:

Rmerge I @ssesses the agreement between the average intensity of a reflection,
and each individual observation of that reflection: Rmeqe iS the basic measure of
internal consistancy. Higher quality data generally has a lower Rpyeqe Value, however
Rmerge iINCreases with multiplicity and so is not always an accurate quality indicator.

Roim-t he O6pr eci s ofna citneiniléc taithe Ry.ge, ORt multiplicity is
taken into account. The R therefore reflects the increase in accuracy as more

observations are merged.

Completeness i the number of unique reflections as a percentage of the total

number of possible reflections.

Multiplicity T the average number of independent measurements of a
reflection. Multiplicity is calculated by dividing the number of total reflections by the

number of unique reflections.
| / Ui (thie intensities average signal to noise ratio.

Table 5 presents these statistics for Apo-HAZV N and RNA bound-HAZV N datasets.
These statistics are acceptable for the 2.7 A and 3.0 A resolution cut offs that were

chosen.
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Table 5 Data collection and scaling statistics.

Two datasets are presented here; Apo-HAZV N and RNA-bound HAZV N, both solved

by molecular replacement. Parentheses indicates highest resolution shell values, and

confirm that the chosen resolution cut off values are statistically acceptable.

Dataset Apo-HAZV N RNA-bound HAZV N
Wavelength (A) (i02) 0.9795 (103) 0.9763
Space group P2,2,2, P2,
a=64.99 a=64.7
b=76.1 b=84.0
Cell parameters (A,°) 02?49'30 C:v104'5
U=90 U=90
b=90 b=105.74
2=90 2=90
Total relections 252499 (17368) 296006 (22737)
Unique reflections 62009 (4410) 21781
Resolution shells (A)
Low 74.88-2.70 50.31-3.0
High 2.77-2.70 3.08-3.0
Rumerge, % 11.6 (63.1) 10.6
Rpim % 8.6 (50.8) 3.1
Completeness, % 98.9 (98.2) 99.9 (100)
Multiplicity 4.1 (3.9 13.6 (14)
L/ a(1) 9.3(1.7) 20.8 (3.5)

In order to allow calculation and monitoring of Ryee during refinement (which occurs
later on in the data processing pipeline) approximately 5 % of data were radomly
selected in AIMLESS and kept aside to be omitted from refinement.

3.3.4 The use of molecular replacement to solve the phase problem

The Apo-HAZV N and RNA-bound HAZV N datasets were both solved via molecular
replacement (MR) with the globular domain of CCHFV N (PDB accession number:
4AKL); residues 1-182, and 296-482, using a programme called PHASER (McCoy,
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Grosse-Kunstleve et al. 2007). The process of molecular replacement involves the
manipulation of the model molecule; in this case the globular domain of CCHFV N,
into the same position and orientation in the unit cell as the unknown molecule. If the
model is sufficiently similar to the unknown molecule, the orientation and position of
the unknown molecule can be determined, and the phases from the model can be
used in the structure factor equations of the unknown molecule, along with its
experimental structure factor amplitudes. A Fourier transform can then be applied to
generate an electron density map. It is necessary to determine the correct orientation
and position of the phasing model compared to the unknown structure in the AU
because the phases of the atomic structure factors, and hence of the molecular
structure factors, depend upon the location of atoms in the unit cell. If the model used
for MR is reasonably accurate the calculated electron density map will show features

missing from the original model that can be built into the unknown molecule.

Molecular replacement is made possible through the utilisation of Patterson
maps. Patterson maps are derived from the Fourier transformation of the structure
factor amplitudes, therefore no knowledge of the phase is required, and results in a
map not of the position of atoms within a molecule, but of the vectors between the
atoms. There are two broad types of vectors, intra-molecular vectors, representing the
distance between two atoms within a molecule, and inter-molecular vectors, that
represent the distance between two atoms of neighbouring molecules. The way that
the vectors accumulate in a Patterson map can provide a signature for the protein
structure, and during MR the orientaton and location of the unknown molecule and
model are compared through correlation of the intra- and inter-molecular vectors of
their corresponding Patterson maps. In order to place the model structure in the
correct orientation and location in the AU, 3 rotation angles and 3 translation
parameters need to be specified. Intra-molecular vectors are only dependent on
orientation, so these can be exploited in the rotation function, and inter-molecular
vectors depend on both the location and orientation of the molecule, therefore these
can be exploited in the translation function once the orientation is known. The 3
rotation angles can then be computed from the rotation function, and the translation

function can place the oriented molecule in the AU.

MR can be used to solve the phase problem if there is a good structural model
for a reasonably large fraction of the unknown structure in the crystal. Structural
similarities between proteins correlate well with sequence identity, and as a general
rule, if the proteins share >30 % sequence identity, the model can be used for MR of
the unknown molecule in a straightforward analysis. As the level of sequence identity

decreases, solving the phase problem by MR becomes progressively more difficult. In
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this study, even though the amino acid sequences of HAZV N and CCHFV N share
almost 60 % identity, the fact that the arm domain is in a different position in the two
structures (Figure 3.24) meant full length CCHFV N could not be used in MR, only the
globular domain (residues 1-182, and 296-482) could be used.

3.3.5 Model refinement of Apo-HAZV N and RNA bound-HAZV N

Refinement seeks to minimise the difference between the calculated structure factor
amplitudes of the model, and the experimental structure factor amplitudes derived

from the diffraction pattern, to generate the most accurate electron density map.

Initially electron density maps were built using phases derived from the CCHFV N
globular domain for both Apo-HAZV N and RNA bound-HAZV N. A programme called
BUCANEER (Cowtan 2006) was then used to auto-build a preliminary structure into

the electron density maps. BUCANEERf i nds | i kely CU positions
laterally, through the addit i o n of mor e cU at oms, vam i | st
constraints, to create fragments of peptide chains. Sequence information then enables

side chains to be assigned and built into the electron density, and gradually the
fragments are extended until they begin to join up. Another programme called COOT
(Emsley and Cowtan 2004) was then used to manually adjust the position of each

residue in the protein chain to improve the electron density fit, as well as torsion

angles and bond lengths.

Refinement of the model using a programme called REFMAC5 (Murshudov,
Skubak et al. 2011) was then carried out: REFMACS tries to minimise differences
between the calculated and observed structure factor amplitudes (Rcs) by improving
the atomic positions in the model. The process of improving the model also improves
the calculated phases, which are used to build an improved electron density map,
which is used to improve the model that fits it, in an iterative cycle. The process of
refinement can however introduce bias into the model, as both the model along with
the diffraction pattern are used to generate the new electron density map at each

round of refinement.

Assessment of refinement progress is therefore determined by calculating the
Reyst for the 5 % of data that was omitted during scaling. This is the Rgee and it
calculates how well the current model can be used to predict the structure factor
amplitudes (the measured intensities) from the original, unrefined dataset as a cross

validation. Riee, as well as other statistical calculations can be used to assess the
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quality of a model; some of these quality indicators are briefly summarised in the

following section.

ReystT also refered to as the R-factor, or R-value. A measure of the difference
between the calculated structure factor amplitudes, based on the refined model, and
the observed structure factor amplitudes. A random set of atoms will have an Ry of
~0.63, and a perfect match would have a value of 0. In practice the acceptable aim for
protein crystals is to have an Rqys that is less the 10 % of the resolution of the data;
for a dataset that diffracted to 2.7 A, the Reryst should be < 0.27, or 27 %.

Riee T @ measure of how well the refined model can predict the original
structure factor amplitudes from the 5 % data that was omitted completely from the
refinement process. This is considered to be less biased that the Ry and in general
is slightly higher then the R¢ys.. A well refined model should have an Reystand an Ryee
that do not deviate by more than 5 % - 7 %.

B factors i a measurement of the degree of movement around the atomic
positions in the model, this reflects the precision of the atomic positions. This could
vary for two main reasons: thermal motion (the vibration of an atom around its rest
position) and disorder in the crystal from which the structure was determined (an atom,
or groups of atoms not residing in the same position in every AU, or in every unit cell,
or in every molecule in the AU). In a high quality model the B factors can reflect the
mobility and flexibility in various parts of the molecule. In general low B factors
indicate little variation in atomic position, and high B factors indicate greater

uncertainty about the actual atomic position.

RMSD bond lengths i root mean squared deviation of the models bond
lengths from an accepted set of values based on the geometry of small organic
molecules. A refined model should exhibit RMSDs of no more then 0.02 A for bond

lengths.

RMSD bond angles i root mean squared deviations of the models bond
angles - similar to bond length, these are constrained to accepted values based on
the geometry of small organic molecules. For a fully refined model the RMSD for bond
angles should not vary by more the 4 ° from the accepted values.

Ramachandran plots i peptide bonds are planar, and if unconstrained during
refinement, should settle down to within a few degrees of planar after the final
refinement. Other Dbackbone conf@QUmaomadnahdan
al ong tiICebond) @re also greatly restricted due to steric repulsion between
adjacent side chains. The all owed pairs of

residue are depicted on a Ramachandran di ac
105



Chapter 3: Determining the crystal structure of HAZV N

either regions that do not give steric repulsion (enclosed by light blue polygon) or only

give modest repulsion (dark blue polygon) (Figure 3.14). The shapes of the polygons

vary slightly for each of the 20 amino acid residues, and after refinement, all of the

residues in a crystallographic structure should reside i n o6al |l owed regi or
calculated Ramachandran plot. Ramachadran plots highlight any regions of the model

that are conformationally unrealistic, and if any non-glycine residues lie within
6forbiddendé areas on t he Ramaafoadexpanatiop!| ot f |
needs to exist in terms of structural constraints that overcome the energetic costs of

an unusual backbone conformation. Ramachandran plots of the Apo-HAZV N

monomer A are depicted in Figure 3.14.
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Figure 3.14. Ramachandran plots for Apo-HAZV N monomer A model

Backbone phi and psi angles are plotted for Apo-HAZV N monomer A. 0
regionsé are |ight blue, 6éall owed regionsé a
in the o6forbiddend region. Pl otted using Mol

MolProbity server (Chen, Arendall et al. 2010) i a web based server that
analyses the quality of the refined model based on the biophysical criteria described
above, and then outputs a series of scores for a particular model. The addition of
hydrogen atoms to the model (which are unresolved by crystallography, but whose
position is defined by the conformaton of the atoms on which they reside) allows
MolProbity to assess unrealistic side chain rotamers, and common misplacement of

main chain CU residues. Mol Probity also tak
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analyses any Ramachandran outliers, then normalises these scores to the resolution

of the structure.

Apo-HAZV N was refined to statistically acceptable levels, a summary of the
refinement statistics is presented in Table 6. Apo-HAZV N has 4 monomers in the AU,
however the electron density for the 4™ monomer in the AU was worse then the other
monomers (this monomer also had higher B factors). However this did not prevent the

model from being completely refined.

After several cycles, refinement of RNA bound-HAZV N became unstable, the
Reyst and Riee began to diverge. This could be a result of relatively poor quality
diffraction images that lead to relatively poor electron density; the overall B factors for
RNA bound-HAZV are high (73.54 compared to 44.9 for Apo-HAZV N), and the B
factor for the RNA itself is particularly high (95.24). This could indicate a degree of
disorder in the crystal that gave rise to the diffraction images, which could occur for a
variety of reasons. These include the atoms not occupying the same position in every
molecule, or poor cryo-freezing of the crystal, due to suboptimal cryoprotection
methods. Refinement of the RNA bound-HAZV N model is not complete, and may well
require collection of better quality data; current statistics are presented in table 6.
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Table 6 Refinement statistics.

Dataset Apo-HAZV N RNA bound-HAZV N
Resolution shells (A)
Low 74.88-2.70 50.31-3.00
High 2.77-2.70 3.079-3.00
Reryst % 29 20 20.49
Riree % 26.28 29.06
Vu 2.57 2.54
Mol. Per AU 4 2
Reflections working set 58670 20654

Free R-value set (no. of

5.1% (3125)

5.1 % (1114)

reflections)
RMSD bond lengths (A) 0.013 0.009
RMSD bond angles (°) 1.553 1.370
No. atoms used in refinement
Non-hydrogen atoms 15226 7556
Protein atoms 15156 7496
Water molecules 70 0
RNA atoms 0 60
Mean B factor, AZ
Total 44.90 73.54
Protein atoms 44.7 67.24
Water molecules 51.1 N/A
RNA atoms N/A 95.24
Ramachandran plot statistics, %
Preferred region 96.49 87.58
Allowed region 288 9.24
Outliers 0.27 3.18
Molprobity clashscore for all 285 13.4

atoms
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3.4 RESULTS: THE STRUCTURE OF HAZV N

3.4.1 The HAZV N monomer

To gain mechanistic insights into its multiple functions, we determined the crystal
structure of the full length N protein of HAZV strain JC280. The crystal structure of
HAZV N was solved by molecular replacement with the globular domain of CCHFV N,
residues 1-182, and 296-482; the Apo-HAZV N structure was solved to a maximum
resolution of 2.7 A, and the RNA bound-HAZV N structure to 3 A. Purified HAZV N
was mostly monomeric, and a monomeric view of Apo-HAZV N (monomer A) is
shown in Figure 3.15. The description of the HAZV N monomer in the following
section applies to both Apo-HAZV N and RNA bound-HAZV N. For all monomers 475
residues were built into the model; residues 187-196 form a disordered loop that is

missing in the electron density for all monomers.

Similar to CCHFV N, HAZV N possesses 2 distinct domains, a globular
domain and an arm domain. The globular domain contains amino acid residues from
both the N- terminus (residues 1-186, silver in Figure 3.15), and the C terminus
(residues 298-485, blue in Figure 3.15) of HAZV N. HAZV N is mostly alpha helical;
the globular domaimelcioxnt®8 nfsr chre | tilxe UN it er mi n
helix U20 f r om phahelice€ ar¢ remberednaacsrding #oIFigure 3.16).
The C-terminal alpha helices form the core of the globular domain, and are
surrounded by alpha helices from the N terminus of HAZV N. The arm domain (purple
in Figure 3.15) extends away from the globular domain, and is composed of 2 long
alpha helices (helix U11 and helix U12), wi
supported by a smallthree-h el i x bundl e ( hé®)iTheeaam dboh®ainisU10, ¢
linked to the C-terminus of the globular domainbyasi ngl e al pha hel i x
however at the N terminus the loop linking the globular domain to the arm domain
(residues 187-196) is disordered, and missing in the electron density. This is similar to
CCHFV N, where electron density is also missing for the loop linking the arm domain

to the N terminus of the globular domain (residues 183-191).
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al9

al16

Figure 3.15. The HAZV N monomer.

One monomer from the Apo-HAZV N AU is shown. N- and C-termini are labelled (N

and C, respectively). Each monomer contains two domains: the globular domain,

composed of residues from the N terminus (residues 1-186, silver), and the C-

terminus (residues 298-485, blue), and the arm domain (residues 197-297, purple).

The arm domain extends away from the globular domain and is linked to C-terminus

of the globular domain by a single alpha hel
disordered loop (residues 187-1 96 ) , whi ch is not visible in

numbered according to Figure 3.16.
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Figure 3.16 Alignment of the secondary structural elements of HAZV N with the

primary sequence.

Alpha helices are numbered 1-20 from the N terminus to the C terminus. The N and C
termini of the globular domain and the arm domain, are represented by horizontal bars
below the sequence coloured according to Figure 3.15. Hel-ihxl Uk U8 compr
the N terminus of theibébbx!| Bl2dbmai ar mhdb ma
Ul83helix U20 t hoéthe@lohularrdemain. Generated using Espript -
http://espript.ibcp.fr (Gouet, Robert et al. 2003)). "Qdenotes a helix with 3 residues per

tur n, U helices have 3de6n orteessi daurresst rpiecrt tbur n,

Four monomers crystallised in the AU of Apo-HAZV N (Figure 3.17 (B)); the
monomers are packed in a head-to-tail arrangement, with two pairs of monomers
running anti-parrallel to each other. Contact between the monomers in each pair is
between the base of the globular domain of one monomer (residue Pro356) and

residues from both the apex of the arm domain, and the supporting 3- helix bundle of
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the adjacent monomer (residues Leu280, Trp264, Lys276, Val272, Glu271, and
Phe217) Figure 3.17 (A). Due to crystal packing, contact between these residues in
adjacent monomers (both monomers in the same AU, and monomers in neighbouring
AUs) is observed in both Apo-HAZV N and RNA bound-HAZV N. It is thought the 6
residues from the apex of the arm domain and supporting 3-helix bundle form a

hydrophobic pocket, in which Pro356 from the adjacent globular domain is buried.

Interestingly, due to the packing of the crystals, the same residues also make
contact between the CCHFV N monomers in all three CCHFV N crystal forms (Carter,
Surtees et al. 2012; Guo, Wang et al. 2012; Wang, Dutta et al. 2012). The
hydrophobic interaction between the arm domain and the base of the globular domain
of the adjacent monomer results in the formation of long helical chains of HAZV N and
CCHFV N, which can be seen throughout each of the 5 different crystal forms. The
conserved nature of this interaction between multiple crystal forms suggests it may be
a common feature of nairovirus N proteins, and the structures observed in the crystals
may reflect those that form during RNP assembly. Together with the antiparrallel
relationship between the pairs of monomers in the Apo-HAZV N AU (which is also
observed by (Wang, Dutta et al. 2012) in CCHFV N crystals), this potential
multimerisation arrangement resembles that of Influenza virus RNPs. Influenza virus
RNPs are double helical, and are composed of 2 N strands of opposite polarity,
associating with each other along the helix. Both strands are connected by a short
loop at one end of the particle, and associate with the polymerase complex at the

other end (Arranz, Coloma et al. 2012).

Mutational analysis would however, have to be performed to determine
whether any of the residues involved in the formation of the hydrophobic pocket are
also involved in CCHFV N and HAZV N function and transcriptional activity. The
conservation of the head-to-tail interaction between the globular domain of one
monomer and the arm domain of the adjacent monomer is in contrast to the lateral
interactions between both CCHFV N and HAZV N monomers (Figure 3.17). These
vary between both Apo-HAZV N and RNA bound-HAZV N crystals, as well as
between all three CCHFV N crystal forms.
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Monomer B
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Monomer D
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Figure 3.17 The 4 monomers in the Apo-HAZV N AU.

(A) A hydrophobic pocket is formed by 6 residues (Leu280, Trp264, Lys276, Val272,
Glu271, and Phe217) of the arm domain, in which Pro356 of the adjacent globular
domain is buried. (B) HAZV N monomers are arranged in a head-to-tail fashion with
two pairs of monomers running antiparrallel to each other in the Apo-HAZV N AU.
Electron density for the 4™ monomer (black) was poor compared to the other
monomers in the AU. Vertical arrows indicte lateral interactions betwen HAZV N
monomers. Lateral contacts between monomers vary within the AUs of Apo-HAZV N
and RNA bound-HAZV N.

3.4.2 The surface electrostatic potential of Apo-HAZV N

Given the RNA binding capability of HAZV N, the electrostatic surface potential of
Apo-HAZV N was analysed. The electrostatic surface potential was calculated using a
programme called Adaptive Poisson-Boltzmann Solver (APBS) and Figure 3.18
shows surface representations of the Apo-HAZV N protein colour-coded red to blue
according to charge (negative to positive respectively). Areas of positive charge (blue)
are linked to electrostatic interactions with the negative phosphate groups of the RNA
(or other nucleic acid) backbone. This analysisrevealeda posi ti vely charge
adjacent to the arm domain (Figure 3.18, left) in a similar position to a positively
charged platform on the surface of the CCHFV N protein (Figure 1.11). This was
suggested to be a potential RNA binding site, as it is one of the largest areas of
continuous positive charge on the surface of both HAZV N and CCHFV N. Other
areas of positive charge include an area on the base of the globular domain, and an

area on the arm domain.

On the opposite face of the HAZV N monomer to the positively charged
platform (rotate HAZV N monomer 180 °, Figure 3.18, right) there is a crevice in the
surface of HAVZ N, which extends from t he b:
that links the globular domain to the arm domain. This crevice could also be a
potential RNA binding site. There are areas of negative charge on the surface of
HAZV N (red), on the apex and side of the arm domain, and boardering the crevice in
the globular domain (Figure 3.18, right). However, a large proportion of the surface of
HAZV N is positively charged, which is consistent with the relatively high pl of HAZV N
(8.73), and its ability to be purified by cation exchange chromatography.
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crevice

Figure 3.18 Surface representation of Apo-HAZV N electrostatic potential.

The surface charge of Apo-HAZV N. Electrostatic surface potential is shown colour
coded from red (negative) to blue (positive) in dimensionless units of k, T e.*, where

ki s Boltzmannédés const ant .istiechagedf dnelectoemper at u

3.4.3 The RNA-bound HAZV N model

In the previous section analysis of the electrostatic surface potential of Apo-HAZV N

revealed several regions that could potentially bind RNA. In the RNA bound-HAZV N

structure, the crevice in the globular domain was shown to be the RNA binding site,

rather than the positively charged platform adjacent to the arm domain. RNA bound-

HAZV N was solved by molecular replacement with the globular domain of CCHFV N

to a final resolution of 3 A, and contained 2 monomers in the AU (Figure 3.19 (A)). In

one of the monomers, three nucleotides of sSRNA were bound within the crevice in

the globular domain that extends from the b
that links the globular domain to the arm domain (Figure 3.19 (B)).
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A

Figure 3.19. The two monomers in the RNA bound-HAZV N AU

RNA bound-HAZV N crystallised with 2 monomers in the AU (A), one monomer had
RNA bound (yellow) and one did not (raspberry). (B) The RNA bound-HAZV N
monomer is depicted in the same fashion as the Apo-HAZV N model for clarity; the N
terminus is silver, the C terminus is blue, and the extended arm domain is purple. The
RNA is depicted predominantly in yellow (carbon); phosphates are orange, nitrogen

atoms are blue, and oxygen atoms are red.
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The overall structure of RNA bound-HAZV N is the same as Apo-HAZV N; the
description of the Apo-HAZV N monomer in section 3.4.1 can also be applied to the
RNA-bound HAZV N monomer. As for Apo-HAZV N, RNA bound-HAZV N i s
helical, and consists of two domains; a globular domain composed of residues from
both the N- and C- termini, and an arm domain that extends away from the globular
domain. The major difference between Apo-HAZV N and RNA bound-HAZV N resides
in the position of the arm domain relative to the globular domain. This is discussed

further in section 3.5.1.

The three RNA nucleotides bound within the crevice may represent RNA that
is inaccessible to the RNase enzyme used during purification of HAZV N, due to its
buried position. This might explain why treatment of HAZV N with RNase was not
sufficient to completely remove bacterially-derived RNA from HAZV N during
purification, even after extensive RNase treatment (wash buffers containing high
concentrations of NaCl were used to disrupt the interaction between the RNA and
protein instead).

3.4.4 The electrostatic surface potential of RNA bound-HAZV N

The electrostatic surface potential of RNA bound-HAZV N was calculated as for Apo-
HAZV N (section 3.4.2). The positively charged platform adjacent to the arm domain is
highlighted in Figure 3.20, as is the crevice in the globular domain where RNA is
bound. Comparison of the surface electrostatic potential of Apo-HAZV N (Figure 3.18)
and RNA bound-HAZV N (Figure 3.20) reveals little difference in the overall surface
electrostatic potential between the two models. The distribution of the areas of
positive charge varies according to the change in position of the arm domain, which is
discussed further in section 3.5.1. This arm domain movement also slightly alters the
position of the negatively charged areas boardering the RNA binding crevice, however

whether this has any bearing on the RNA binding ability of HAZV N is unknown.
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platform

Figure 3.20 Surface representation of RNA bound-HAZV N electrostatic potential.

The surface charge of RNA-bound HAZV N. Electrostatic surface potential is shown
colour coded from red (negative) to blue (positive) in dimensionless units of k, T e.™,
where k,i s Bol tzmanndés constant , .isltheiclsarge di &

electron.

3.4.5 Residues of HAZV N potentially involved in RNA binding

The 3 nucleotides of ssRNA bound to HAZV N are random RNA sequences derived
from the expression host, and this structure of HAZV N is therefore unlikely to reveal
any sequence specificity. Furthermore the electron density for the 3 RNA nucleotides
is not good enough to determine whether these bases are purines or pyrimidines (for
example if a purine base was prefered at a specific position, as has shown to be the
case for LASV N protein). The 3 RNA nucleotides are oriented with their phosphate
backbones contacting the foundation of the crevice, and the bases pointing outwards,
towards the opening of the crevice. It is thought, that in a similar manner to LASV N
(Hastie, Liu et al. 2011), an extensive network of interactions anchor the RNA
phosphate backbone and RNA bases to HAZV N. Binding is thought to occur through
hydrogen bond interactions between key amino acid residues, and both phosphates of
the RNA backbone and the RNA bases.
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Previously, to characterise the roles of residues involved in RNA binding, or the
potential dimerisation site of CCHFV N, a panel of CCHFV N proteins with mutations
in these residues were examined for their ability to promote luciferase reporter gene
expression within a CCHFV mini-genome (Carter, Surtees et al. 2012). Mutations in 3
residues essentially abrogated CCHFV mini-genome transcriptional activity when
compared to wild type N (K132, Q300 and K411). When the position of these mutated
residues are mapped onto the RNA bound-HAZV N structure (residues N134, Q303
and K414 in HAZV N) 2 out of these 3 residues (K414 and Q303) are within bonding
distance of the RNA backbone in the globular domain RNA binding crevice (Figure
3.21). Given the close structural similarity between the globular domains of HAZV N
and CCHFV N (discussed in section 3.5.2), these data strongly suggest that these
residues are involved in RNA binding in HAZV N, and by inference RNA binding in
CCHFV N as well (rather than any other effect that could regulate mini-genome
output).

K132/N134 is located on an N terminal alpha helix facing away from the
crevice, and does not contact the RNA bound in the crevice. This residue could
however be involved in dimerisation, or RNA binding of longer sequences of RNA, or
L protein interaction. Mutation of residue H456 (residue H459 in HAZV N), which is
positioned close to one of the RNA bases, has a less pronounced effect, resulting in a
loss of ~50 % luciferase signal, and mutation of residue H453 (residue H456 in HAZV
N) has no effect on minireplicon activity. This is similar to LASV N, where mutation of
several residues contacting the bound RNA has no effect on mini-genome activity,
whereas mutation of others abrogates mini-genome activity, or decreases the reporter
gene signal by ~50 % (Hastie, Liu et al. 2011). CCHFV N residue K342 (residue K345
in HAZV N) was also mutated, as it formed part of the positively charged suspected
RNA binding site adjacent to the crevice near the base of the globular domain.
Mutation of K342 however, has no effect on CCHFV mini-genome function, and K345
is not located near to the bound RNA in HAZV N.
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Figure 3.21 Potential RNA binding residues of RNA bound-HAZV N.

The RNA bound-HAZV N monomer with potential RNA binding residues Q303, K414,
H456, H459, N134 and K345 highlighted. Mutation of Q300 and K411 in CCHFV N
essentially abrogated CCHFV mini-genome transcriptional activity, and mutation of
H456 reduced reporter gene expression by ~50 %. The corresponding positions of
Q303, K414 and H459 in RNA bound-HAZV N, where they make close contact with
both the RNA backbone and the RNA bases, strongly suggest these residues may be
important for RNA binding.

120



Chapter 3: Determining the crystal structure of HAZV N

3.5 COMPARISON OF HAZV N WITH OTHER STRUCTURES

3.5.1 Apo-HAZV N and RNA bound-HAZV N

RNA-bound HAZV N and Apo-HAZV N consist of two domains; a globular domain and
an extended arm domain. Superposition of Apo-HAZV N and RNA-bound HAZV N
reveals close structural similarity in the globular domain (RMSD = 1.1 for 368 residues)
(Figure 3.22). In contrast, whilst the fold in the arm domain is the same (RMSD =
0.594 for 107 residues) the position of the arm domain is greatly altered with respect
to the globular domain. The arm is rotated by about 50 °, and the apex of the arm
domain is shifted by a distance of 29.19 j (
at the apex of the arm in each monomer). It is possible that the movement of the arm

domain may be related to the mechanism of RNA binding, analogous to the gating

mechani sm proposed for LASV N. I n the absen
and all of hel i x -dihdinglcrevice, accludiogsascess to BNARUDA@N
RNA binding the loop linking helix U5 and he

and helix U6 is rotated away f r(Haste tilhetal.cr evi ¢
2011). The electron density of RNA-bound HAZV N is too poor to determine whether a
similar mechanism occurs upon HAZV N binding RNA; for example, what would be
hel i x»nApatHBAZV N (anal ogous t o he3)idoesrdtthavef L AS'
secondary structural assignment in RNA bound-HAZV N. However, this could either
be because it is more flexible and part of the RNA binding mechanism, or the electron

density is not good enough to assign a secondary structure.
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Figure 3.22 Superposition of Apo-HAZV N and RNA bound-HAZV N.

Apo-HAZV N (raspberry) and RNA bound HAZV N (yellow) structurally have very
similar globular domains, however the relative position of the arm domain is greatly
altered. Upon RNA binding, the arm domain is rotated by about 50 ° and the apex of
the arm domain is shifted by 29.19 A. The change in position of the arm domain may
be related to the mechanism of RNA binding, however further work is needed to
confirm the mechanism of HAZV N RNA binding.

The arm domain of CCHFV N is known to be flexible, and free to explore a range of
conformations, indeed it is thought the flexibility of the arm domains of bunyavirus N
proteins in general are essential to their function. The ability of the arm domain of
HAZV N to adopt several different positions is therefore to be expected, however
there appears to be 2 prefered general positions; one which is adopted when RNA is
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bound, and the other that is adopted when RNA is not bound (Figure 3.23). The
superposition of the 4 Apo-N monomers in the AU as well as the RNA-free monomer
from the AU of RNA bound-HAZV N shows that although the position of the arm
domain does change slightly (similar to observations of CCHFV N by (Wang, Dutta et
al. 2012), it is nowhere near the huge shift which is seen in the RNA bound structure.
This suggests that although the arm domain is free to explore different conformations,

it generally resides in the same position when RNA is not bound.

Figure 3.23 Superposition of RNA free HAZV N

Superposition of the 4 monomers from the Apo-HAZV N AU (greys and blue), and the
RNA free monomer from the RNA bound HAZV N AU (raspberry). The globular
domains superpose almost exactly, and the arm domains reside in a similar position,
with some slight deviations, similar to CCHFV N (Wang, Dutta et al. 2012).
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3.5.2HAZV N and CCHFV N

HAZV N and CCHFV N likely perform the same function in their viral replication cycles,
and share ~60 % sequence identity (Figure 1.12); this is reflected in the structural
similarity between these proteins, which enabled the structure of HAZV N to be solved
by molecular replacement with the globular domain of CCHFV N (residues 1-182, and
296-482). In good agreement with this, the crystal structures of HAZV N and CCHFV
N are very similar (Figure 3.24). The globular domains of HAZV N and CCHFV N align
extremely closely (RMSD = 0.698, over 368 residues that share 63 % sequence
identity), as do the arm domains (RMSD = 0.886 over 107 residues that share 48 %
sequence identity), however the arm domain adopts a different position relative to the
globular domain (Figure 3.24). The arm domain of CCHFV N is rotated by 73.96 ° and
transl ated by 27.05 | ( me a s u,rcempared todshmarmh e CU
domain of HAZV N. Although neither HAZV N nor CCHFV N in Figure 3.24 have RNA
bound, the difference in the position of the arm domain could be due to the different
primary amino acid sequences of these proteins. Alternatively, the change in the
position of the arm domain could also be related to differences in the crystal packing

of these proteins.
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Figure 3.24 Superposition of CCHFV N and HAZV N

The globular domain of CCHFV N (green) and HAZV N (raspberry) superpose
extremely closely. The relative position of the arm domain of CCHFV N is shifted
compared to HAZV N through a rotation of 73.96 ° and translation of 27.05 A.

3.5.3 HAZV N and LASV N

The globular domain of CCHFV N is structurally similar to the N-terminal RNA binding
domain of LASV N, a member of the bisegemented Arenaviridae family (RMSD 3.38 A
for 237 residues with 8.01 % sequence identity) (Carter, Surtees et al. 2012).
Unsurprisingly, the globular domain of HAZV N also aligns closely with the N terminal
domain of LASV N; ( CU R426Dr 240 residues) (Figure 3.25). Interestingly,
superposition of RNA bound-HAZV N with the N-terminal domain of RNA bound LASV
N (Figure 3.25) revealed not only the close structural similarity of the protein fold in
the globular domain, but also a very close similarity in the position of the RNA in the

RNA binding crevice. Of the three RNA bases that are present in the crevice in the
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globular domain of HAZV N, the position of base 2 and base 3 overlap between HAZV
N RNA compared to LASV N RNA. The position of base 1 varies slightly between the
RNA strands, as does the position of the ribose-phosphate backbone, however,
overall the position of the RNA nucleotides is very similar in these two structurally

related proteins.

The electron density is poor for regions of the RNA bound-HAZV N protein,
and also poor for the RNA in the crevice; the RNA B factors are very high, and the
electron density is insufficiently accurate to determine the precise position of each
atom of the 3 RNA nucleotides. However, the position of the RNA in HAZV N was
determined independently of the LASV N N-terminal domain structure, therefore the
close overlap in the position of RNA in HAZV N and one of its closest structural
relatives, LASV N, supports the placement of the RNA in the crevice of the globular
domain of HAZV N as being correct.
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Figure 3.25 Superposition of the globular domain of RNA bound-HAZV N, and
the RNA bound N terminal domain of LASV N.

The globular domain of RNA bound-HAZV N (yellow) and the N terminus of LASV N
(blue) align quite closely (RMSD = 3.426). The RNA of HAZV N (yellow) and LASV N
(light blue) also aligns well; the positions of base 2 and base 3 overlap between the
two strands of ssRNA, with slight deviations in the position of base 1 and the
phosphate backbone. Overall, the similarity of the RNA positions supports the correct
placement of RNA in HAZV N, despite high B factors and poor electron density.
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3.6 CHAPTER SUMMARY AND DISCUSSION

This chapter presents the optimisation of expression and purification of HAZV N
protein, and determination of the X-ray structure of both Apo-HAZV N and RNA-bound
HAZV N, following crystallisation, X-ray diffraction and data collection. HAZV-N was
expressed from pGEX-GST-HAZV N, GST-HAZV N was purified using glutathione
affinity chromatography, cleaved with HRV 3C protease, and HAZV N further isolated

by cation exchange chromatography. This resulted in the purification of 4-7 mgs >95 %

pure HAZV N, per 4 L bacterial culture. RNA bound-HAZV N was purified by omitting
a high NaCl concentration binding buffer wash prior to elution of GST-HAZV N from
the GST resin. This resulted in the purification of RNA bound-HAZV N with an
AzsolAzgo ratio of 1.04, and Apo-HAZV N with an A,so/Asgp ratio of 0.84, indicating RNA-
bound HAZV N co-purified with more nucleic acid. 1 mg of >95 % pure HAZV N was
used to generate polyclonal antibodies targeting HAZV N, using an immunisation
programme which is UK home office and USA National Institutes of Health compliant.

Crystals of Apo-HAZV N diffracted to 2.7 A in the P2,2,2, space group, and
crystals of RNA bound-HAZV N diffracted to 3 A in the P2, space group. Both
datasets were solved by molecular replacement with the globular domain of CCHFV N
(residues 1-182 and 296-482). Apo-HAZV N and RNA bound-HAZV N both have very
similar structures, and similar overall surface electrostatic potential. Apo-HAZV N and
RNA bound HAZV N are mainly alpha-helical, containing a globular domain composed
of 16 U helices from both the N and C
composed of 2 long alpha helices, that extends away from the globular domain.
Contact within the pairs of monomers in the Apo-HAZV N AU occurs through a
hydrophobic interaction, where six residues from the arm domain of one monomer
forms a hydrophobic pocket in which Pro356 of the adjacent globular domain is buried.
This interaction occurs in both Apo-HAZV N and RNA bound HAZV N crystals, as well
as in all three CCHFV N crystal forms, resulting in the formation of long helical chains
of N protein throughout these crystals. It could be this is a common feature of
nairovirus N proteins, and may reflect the mechanism of multimerisation of these
proteins during RNP formation, although mutational analysis would have to be

performed to confirm this.

The globular domains and arm domains of Apo-HAZV N and RNA bound
HAZV N are very similar, they superpose almost e x act | yRMSDnof 1t.1lovea
368 amino acids, and 0.594 over 107 residues, respectively. The arm domain has

shifted position dramatically in the RNA bound-HAZV N structure compared to the
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Apo-HAZV N structure however, through a translation of 29.19 A and a rotation of
~50 A, me a s ur e dAspf269olnis poskilde thatlhis @Hange in the position
of the arm domain may be connected with the mechanism of RNA binding, analagous
to the mechanism proposed for the nucleocapsid protein of LASV (Hastie, Liu et al.
2011). Superposition of RNA bound-HAZV N and the RNA bound N terminal domain
of LASV N reveals that the RNA resides in a very similar position (base 2 and base 3
overlap), supporting the crevice in the globular domain as the binding site for RNA in
HAZV N, even though the electron densi
the begiitni ng of HAZV N helix U13, which |
domain, and has changed position in Apo-HAZV N compared to RNA bound-HAZV N.
This supports the theory that the movement of the arm domain of HAZV N might
possi bly O0gat e osimfaNmandeitaldASViNg, i n a

Additionally, superposition of the 4 monomers from the AU of Apo-HAZV N,
and the RNA free monomer from the AU of RNA-bound HAZV N, revealed that both
the globular domains and arm domains align almost exactly; there are slight shifts in
the position of the arm domain, but these are nowhere near the movement that is
observed between Apo-HAZV N and RNA-bound HAZV N arm domains. The similarity
in the position of the HAZV N arm domains in five monomers, from two different unit
cells and two different crystals, suggests that although the arm domain is free to
explore different conformations, it generally resides in the same position when RNA is
not bound. This supports the theory that a specific trigger (such as the presence of
RNA, or another ligand or cofactor) is required before the arm domain will change
position (possibly in order to enable HAZV N to bind RNA in some sort of gating
mechanism). It is thought that in the absence of a P-protein (the phosphoprotein, a
protein present in the non-segmented NSVs), sNSVs must have a mechanism to
ensure monomeric N does not bind cellular RNA non-specifically, or multimerise
inappropriately, during the virus replication cycle (Green, Cox et al. 2014). A lot more
work needs to be carried out however, to determine whether the change in the
position of the HAZV N arm domain is involved in the mechanism of HAZV N RNA
binding, as the electron density both for regions of the protein domains, and the RNA,

is too poor to confirm an RNA gating mechanism from this study.

This is the first time RNA has been co-crystallised with a nairovirus
nucleocapsid protein. Three nucleotides of RNA bound in a crevice in the globular
domai n, t hat extends from the base of
links the globular domain to the arm domain. The orientation of the nucleotides is with
the phosphate backbone towards the base of the crevice with the bases pointing

outwards, towards the opening of the crevice. It is thought the buried position of the
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nucleotides in the crevice provides protection from RNase treatment during
purification, and that the nucleotides are not available to base pair during RNA
synthesis when bound to HAZV N in this crevice. Therefore, in a similar manner to
LASV N, the N protein surely needs to dissociate from the RNA in the RNP during
RNA synthesis, before the L protein can access viral RNA. In the case of LASV, it has
been proposed that the L protein induces a conformational change in N in LASV
RNPs, enabling N to transiently dissociate from the RNA to allow access by the L
protein, before N re-encapsidates the RNA (Hastie, Liu et al. 2011). It is possible that

an analagous mechanism also exists for HAZV N.

HAZV N is structurally extremely similar to CCHFV N. The globular domains
align very closely (RMSD = 0.698, over 368 residues that share 63 % sequence
identity), and the arm domains occupy different positions relative to the globular
domains (the arm domain is rotated by 73.96 °, and translated by 27.05 A, measured
from t he As pnCZER/N2ZdBndaredid HAZV N). The arm domains might
adopt different positions due to primary sequence differences, or differences in crystal
packing. The arm domain is flexible 7 the single alpha helix, and flexible loop (not
visible in electron density for either structure) linking the arm domain and the globular
domain is not structurally rigid, and is thought to allow the arm domains of both
CCHFV N and HAZV N to adopt different conformations. This flexibility between
domains is proposed to be a common feature of sNSV nucleocapsid proteins, that
results in the greater flexibility of SNSV RNPs that enables the RNPs to carry out their
specific functions (Reguera, Cusack et al. 2014). In good agreement with this, the arm

domain of HAZV N can also adopt a number of different positions.

The extreme similarity in the globular domains of CCHFV N and HAZV N (the
site of RNA binding), and the overall similarity in the organisation of the domains,
suggests that CCHFV N and HAZV N adopt the same mechanisms to carry out their
functions within their virus replication cycles. This goes someway towards validating
the use of HAZV as a model for CCHFV infection. Furthermore, careful structure-
based design of small-molecule inhibitors targeting the globular domain of CCHFV,
should act as effective antivirals against both HAZV and CCHFV. The globular domain
of CCHFV N and HAZV N is an excellent target for small-molecule inhibitors as it is
the site of RNA binding; an essential function of these proteins. The RNA is
sequestered in a crevice in the globular domain, allowing for the design of structure-
based antiviral inhibitors aimed at preventing RNA binding. The fact that HAZV N and
CCHFV N have such similar globular domains should enable HAZV to act as a model

for CCHFV infection when examining the potential efficacy of these small molecule
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inhibitors under containment level 2 conditions, without the need to perform

experiments under containment level 4 conditions.

The similarity in the globular domains of HAZV and CCHFV has also enabled
the identification of residues potentially important in RNA binding. Mutation of residues
in CCHFV N thought to be involved in RNA binding or dimerisation, and examination
of the ability of mutant CCHFV N to promote reporter gene expression in a CCHFV
mini-genome, identified 3 residues whose mutation abrogated reporter gene
expression (K132, Q300 and K411) (Carter, Surtees et al. 2012). Examination of the
location of these residues in RNA-bound HAZV N revealed that 2 of these residues
(Q303 and K414) lie within bonding distance of the RNA backbone. This strongly
suggests these residues are essential for or are involved in RNA binding in HAZV N
and CCHFV N, as mutating these residues prevented CCHFV N from carrying out
essential functions. Observations such as this support the proposal that CCHFV N
and HAZV N have the same mechanisms of action, and that HAZV is a suitable model
for CCHFV.

131



Chapter 4: Identifying host proteins that interact with CCHFV N and HAZV N

CHAPTER 4: IDENTIFYING HOST PROTEINS THAT INTERACT WITH
CCHFV N AND HAZV N

4.1: CHAPTER INTRODUCTION

RNA viruses, including CCHFV and HAZV, have limited coding capacity and to
compensate for this, their proteins exhibit remarkable structural economy, often
possessing multiple functional domains, and the ability to interact with both viral
proteins and components from the host cell. In addition to RNP formation, where the
nairovirus N protein makes both homotypic N-N interactions and N-RNA interactions,
it is thought the nairovirus N protein interacts with numerous host cell proteins.
Interactions between host cell and viral proteins can have important consequences for
virus replication; CCHFV N interacts with both actin, and Mx1, in the context of virus
infection; the interaction of CCHFV N with actin aids viral replication, it is thought by
trafficking CCHFV N t o perinucl ear regions of
whereas Mx1 is thought to inhibit replication (Andersson, Bladh et al. 2004;
Andersson, Simon et al. 2004). This chapter aims to identify interactions with other
cellular proteins, and examine whether CCHFV N and HAZV N therefore have other

functions outside of RNP formation.

This chapter describes the identification of cellular proteins that interact with
an (enhanced green fluorescent protein) EGFP-CCHFV N fusion protein by stable
isotope labelling of amino acids in cell culture (SILAC) based mass spectrometry,
coupled to EGFP immunoprecipitations (IPs). EGFP IPs were carried out with a GFP-
Trap, that is composed of monoclonal anti-EGFP antibodies covalently coupled to
agarose beads. This chapter then describes the validation of cellular heat shock
protein 70 (HSP70) as an interacting partner of untagged CCHFV N, both when
CCHFV N is expressed from a plasmid, and in the context of actively replicating
CCHFV. Finally this chapter describes the interaction of HSP70 with HAZV N, both
within cells, and within fractions containing purified HAZV, and preliminary
experiments to understand the functional significance of the HSP70-HAZV N

interaction during the replication cycle of HAZV.
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4.1.1 Introduction to SILAC based mass spectrometry coupled to GFP-trap IPs

Immunoprecipitations (IPs) coupled to stable isotope labelling by amino acids in cell
culture (SILAC) in combination with mass spectrometry (MS), provides a method for
the unbiased identification of cellular proteins thatco-l P wi t h a o6baité pro
context of the cellular environment. MS provides a reliable method of identifying
peptides, however MS is not innately quantitative; approximate protein abundance
can be estimated using the emPAl score (the exponentially modified protein
abundance index; described in more detail in section 4.7.3), however this is not as
precise as quantitation methods based around isotope labelling (Mann 2006). One of
these isotope labelling techniques is SILAC, which is a high throughput, quantitative,
proteomic technique that can be used to compare relative protein levels between two
or more different cell populations. SILAC can be used to assess global proteome
changes, orchangesi n t he o6interactomedé; i.e. the tot
interact with a specific 6baitdé protein in c¢

Two or more cell populations are distinguished by growing cells in media
containing isotopically labelled amino acids; these become incorporated into cellular
proteins over time, as cell grow normally, and replace their equivalent unlabelled
amino acids (5-7 cell divisions is generally sufficient to ensure > 95 % cellular proteins
are labelled) (Ong, Blagoev et al. 2002). Several SILAC labelling media recipes exist,
the most widely used include labelled arginine and lysine residues, due to the fact that
trypsin cleaves polypeptide chains immediately after arginine and lysine residues.
These recipes therefore ensure that every peptide generated by in-gel trypsin
digestion, prior to MS analysis, contains at least one labelled amino acid. All tryptic
peptides can therefore be distinguished from their functionally identical sister peptides,
derived from a different cell population. Exceptions to trypsin cleaving polypeptide
chains immediately after arginine or lysine residues include when either proline
follows, or aspartic or glutamic acid residues neighbour, arginine or lysine, as this

blocks or impedes trypsin cleavage respectively (Thiede, Lamer et al. 2000).

I n this study the following SILAC media
media which contains *C-labelled arginine and 2D- (deuterium i a heavy form of
hydrogen) | abel |l ed | ysi ne, and 6lightd (ROKO) mec

two different cell populations to be compared simultaneously.

When analysed by MS, pairs of functionally identical peptides, of different
isotope composition, can be differentiated as the labelled amino acids will induce a

shift in the mass/charge ratio (m/z) in comparison to the unlabelled peptides.
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Comparison of the intensity of the labelled and unlabelled m/z peaks provides
accurate quantitation of the relative abundance of labelled and unlabelled peptides
present in the sample. This results in every identified protein being assigned a SILAC
ratio, which reflects the relative abundance of that protein (derived from a labelled cell
population) compared to the same protein derived from a control (unlabelled cell

population) (Ong, Blagoev et al. 2002).

When applied to IP experiments in this study the SILAC ratio provides a guide
to the specificity of the potential interaction; a low ratio indicates the identified protein
immunoprecipitated in almost equal abundance with the control sample (EGFP in this
study) and the protein of interest (EGFP-CCHFV N in this study), therefore this protein
most likely bound non-specifically to EGFP, or components of the GFP-Trap. As the
SILAC ratio of EGFP-CCHFV N/EGFP increases, it becomes increasingly likely that
the cellular protein immunoprecipitated specifically with EGFP-CCHFV N.

In this study IPs were performed using a strategy known as mix after
precipitation (MAP) (Figure 4.1). In MAP IPs, following cell lysis, separate IPs are
carried out on each cell population, and equal volumes of resulting
immunoprecipitates are mixed together. Proteins of interest and co-
immunoprecipitating proteins present in the immunoprecipitate are then identified and
quantified by MS (Figure 4.1). Using the MAP strategy, dynamic or weak interacting
partners can be efficiently precipitated and quantified. However, as the two IPs are
performed separately, experimental variability can be easily introduced (for example;
insufficient/unequal cell lysis resulting in different amounts of lysate being incubated
with GFP-Trap beads, different volumes of GFP-Trap beads being used, inaccurate
pipetting when mixing the separate immunoprecipitates) which can be mistaken for
biological variation. Therefore caution should be taken when preparing samples and

performing IPs, and biological replicates and subsequent validation are essential.
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Figure 4.1 Schematic representation of SILAC labelled MAP IPs

A mix after immunoprecipitation (MAP) IP strategy was utilised in this study. An
example involving 3 | abelled cell popul ati on

and 6Lightdé populations were utilised in thi

4.2 RESULTS: CELLULAR PROTEINS THAT CO-IP WITH EGFP-CCHFV N

4.2.1 Cloning of CCHFV N ORF into pEGFP-C2 expression vector

The CCHFV N ORF was originally obtained in a pCAGGs expression vector (Figure
4.8). The CCHFV N fragment was subcloned by PCR amplification of the CCHFV N
ORF using pri mer s t o i ncorporate a 56 Xh
endonuclease site. Subcloning was completed by direct digestion of this PCR product,

and ligation into the empty double digested pEGFP-C2 vector using Xhol and BamHI
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restriction enzymes; the correct orientation and sequence of the insert was then
confirmed by sequence analysis. This construct will be referred to as pEGFP-C2-
CCHFV N and resulted in the expression of an N terminally EGFP tagged CCHFV N
fusion protein; EGFP-CCHFV N. A schematic representation of pEGFP-C2-CCHFV N
is shown in Figure 4.2 (B) and a schematic representation of the EGFP-CCHFV N

fusion protein in Figure 4.2 (A).

A
B (e086) Pl  Asel (7
Ndel (234)
SnaBI (340)

Nhel (551)
Bmtl (535)
Afel (598)
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Figure 4.2 Schematic representations of EGFP-CCHFV N and pEGFP-C2-CCHFV
N

CCHFV N was fused at the N terminus to EGFP (A), which enabled direct
visualisation of EGFP-CCHFV N by fluorescence microscopy, and detection of EGFP-
CCHFV N by western blot analysis with anti-EGFP antibodies. The map was

generated using SnapGene.
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The CMV promoter in pEGFP-C2-CCHFV N enables strong, constitutive expression of
EGFP-CCHFV N in many mammalian cell types, and the SV40 poly(A) signal
increases MRNA stability, resulting in high level protein expression. The N-terminal
EGFP tag allowed direct visualisation of EGFP-CCHFV N in transfected cells by
fluorescence microscopy. EGFP-CCHFV N could also be detected by commercially
available antibodies that bind EGFP, when EGFP-CCHFV N expression was analysed

by western blotting.

4.2.2 EGFP-CCHFV N expression

EGFP-CCHFV N was expressed in HEK293T (293T) cells following calcium
phosphate mediated transfection. 293T cells are a human kidney epithelial cell line
that constitutively expresses the SV40 large T antigen, and were chosen due to their
human origin, which facilitates downstream MS analysis, and their high transfectability.
Calcium phosphate-mediated transfection is based on the formation of a calcium
phosphate-DNA precipitate, as a solution of calcium and DNA is slowly added drop-
wise to a solution containing phosphate; calcium phosphate facilitates binding of DNA
to the cell surface, where it then enters the cell by endocytosis. Following cell entry,
EGFP-CCHFV N was expressed as a fusion protein of the correct predicted molecular
weight, 87 kDa, and localised in the cytoplasm of transfected cells (Figure 4.3).
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Figure 4.3 Expression of EGFP-CCHFV N in 293T cells.

pPEGFP-C2-CCHFV N transfection of 293T cells resulted in the expression of an
EGFP-CCHFV N fusion protein of the correct molecular weight, 87 kDa, when
analysed by western blot (A). Live cell imaging confirmed the expression of EGFP-
CCHFV N (B), as did confocal microscopy of formaldehyde-fixed cells (C). In all

images EGFP-CCHFV N or EGFP is green, and in (C) the nucleus is stained blue with
DAPI.
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293T cells transfected with pEGFP-C2-CCHFV N were analysed by western blot 24
hrs after transfection; cells were lysed for 30 minutes on ice, then lysates were
clarified by centrifugation, and protein content quantified by BCA assay. Protein
samples were denatured, then 2 ug protein lysate was loaded per well, and cellular
proteins were resolved by SDS PAGE. Proteins were transferred to polyvinylidene
difluoride (PVDF) membranes, which were blocked and probed with primary rabbit
polyclonal anti-EGFP antibodies. Secondary anti-rabbit HRP-conjugated antibodies
were used to detect primary anti-EGFP, and were then visualised after the addition of
a chemiluminescent substrate (ECL) and exposure to light-sensitive film. EGFP-
CCHFV N could be detected as an 87 kDa fusion protein of the correct predicted
molecular weight (Figure 4.3 (A)).

The subcellular distribution of EGFP-CCHFV N was observed by both confocal
microscopy analysis of 293T cells that were fixed 24 hrs after transfection, and by live
cell imaging. The cell membranes of formaldehyde fixed cells (C) were permeabilised,
and the nucleus stained with 4',6-diamidino-2-phenylindole (DAPI), a blue fluorescent
probe which, upon selective binding to the minor groove of dsDNA, fluoresces brightly
when excited with light of wavelength ~360 nm. 293T cells were grown on glass
coverslips prior to transfection and fixation, and following permeabilisation, were
mounted onto glass slides using a mounting fluid (Vectorshield) containing DAPI.
Confocal images were captured on a Zeiss 510 META laser scanning microscope
(LSM).

Transfection of 293T cells with pEGFP-C2 was used as a control to visualise
the subcellular distribution of native EGFP, in the absence of the CCHFV N moiety.
The subcellular distribution EGFP was diffuse within both the cytoplasm and nucleus
of 293T cells (Figure 4.3 (B) and (C)). In contrast, EGFP-CCHFV N localised in the
cytoplasm of transfected cells, and was often found in perinuclear regions, but could
also be visualised in other areas of the cytoplasm, often in discrete puncta. This was
similar to the previously described subcellular distribution of CCHFV N both during
infection, and transfection of CCHFV N in the absence of other viral proteins or RNA
(Andersson, Simon et al. 2004), where CCHFV N was observed in the cytoplasm,
often in perinuclear regions. It is thought trafficking of CCHFV N to these perinuclear
regions is dependent on an intact actin cytoskeleton, and occurs over time (up to 8 hrs
following infection); the initial cytoplasmic distribution of CCHFV N during infection is

more disperse (Andersson, Simon et al. 2004).
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4.2.3 IP of EGFP-CCHFV N

After transfection of pEGFP-C2-CCHFV N or pEGFP-C2, and expression of EGFP-

CCHFV N or EGFP,EGFP-CCHFVY N and EGFP were i mmunopr ec
293T cells using a GFP-Trap. GFP-Traps are composed of agarose beads covalently
conjugated to camelid antibodies ;QGBPATlags cont a
only contain the variable domains of these antibodies to reduce non-specific binding)

that specifically recognise and bind to EGFP. The variable domain of anti-EGFP

antibodies within GFP traps bind strongly to EGFP with high specificity, enabling the

IP of sufficient quantities of EGFP-CCHFV N to allow identification and quantification

of cellular proteins that co-IP with EGFP-CCHFV N by MS.

293T cells were grown in o6lighté (ROKO),
two weeks prior to transfection to allow sufficient SILAC labelling, as described in
section 2.2.4.3. 6Lightd (ROKO) <cel |l s-CwCHR/ Ntandansf ec
6medi umd ( R6K4) cel |l s weC2e?24trs latarstivoesepgaratd  wi t h
GFP-Trap based IPs were carried out, and EGFP or EGFP-CCHFV N was | Péd
labelled cells (Figure 4.4). Briefly; cells were lysed for 30 minutes on ice, then protein
lysates were clarified by centrifugation. Clarified lysates were incubated with GFP-
Trap beads for 2 hrs to allow EGFP or EGFP-CCHFV N to bind, then, after several
wash steps, proteins were eluted from the GFP-Trap beads by heating at 95 °C for 10
minutes in the presence of 2x LDS-sample buffer. The resulting immunoprecipitates
contained EGFP or EGFP-CCHFV N, as well as cellular proteins that
immunoprecipitated with them. Equal volumes of these immunoprecipitates were

mixed together and the proteins identified and quantified by MS.
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Figure 4.4 IP of EGFP and EGFP-CCHFV N from 293T cells

SDS PAGE (left) and western blot analysis (right) of GFP-Trap based IPs confirmed
the immunoprecipitation of EGFP or EGFP-CCHFV N from SILAC labelled cells.

Western blot analysis with anti-EGFP confirmed the IP of EGFP or EGFP-CCHFV N
from transfected cells (Figure 4.4, right). SDS PAGE analysis followed by Coomassie
staining confirmed the co-IP of cellular proteins; faint bands are present in the EGFP-
CCHFV N IP lanes in Figure 4.4 (left), which represented cellular protein that
immunoprecipitated with EGFP-CCHFV N. Generally, the ability to see proteins that
co-IP with EGFP-CCHFV N by SDS PAGE analysis corresponds well with the ability
to identify and quantify these cellular proteins by MS.

IP of EGFP from pEGFP-C2 transfected cells was used as a control to identify
and quantify cellular proteins that bound non-specifically to EGFP or to components of
the GFP-Trap (the camelid antibodies, or the agarose beads) during the IP. This
enabled differentiation between proteins that bound non-specifically to EGFP, or
components of the GFP-Trap, and those that bound specifically to EGFP-CCHFV N,

when immunoprecipitates were combined and analysed by SILAC-based MS.
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4.2.4 |dentification and quantification of immunoprecipitated cellular proteins by

MS analysis

Cellular proteins that immunoprecipitated with EGFP or EGFP-CCHFV N were
identified and quantified by SILAC based MS analysis. MS analysis was performed by
Dundee Cell Products, and was carried out twice on the same sample; these methods
are described in section 2.2.8.

MS identification and quantification of immunoprecipitated proteins resulted in
the generation of a unique SILAC ratio for each identified protein (EGFP-CCHFV
N/EGFP); this was a measure of the relative abundance of a protein that
immunoprecipitated with EGFP-CCHFV N, compared to EGFP. For all identified
proteins, the ratio of its abundance that co-immunoprecipitated with EGFP-CCHFV N
compared to EGFP could be used as a guide to the specificity of its interaction with
EGFP-CCHFV N. Although the same MAP IP sample was analysed twice, the results
of each analysis varied slightly; between the two analyses a total of 192 proteins were
identified, 112 proteins were common to both analyses, 46 proteins unique to the first
analysis and 34 proteins unique to the second. This variability between MS runs
emphasised the need to validate potential interacting partners by independent
methods, such as western blot analysis. The results of the two MAP analyses in this
study are referred to as MAP* and MAP?.

A protein ratio frequency graph was generated using the SILAC ratios in order
to differentiate between proteins that bound non-specifically to components of the
GFP-Trap, or EGFP, and those that bound specifically to EGFP-CCHFV N (Figure
4.5). Previous studies have suggested that the majority of proteins identified by mass
spectrometry in SILAC-based IP experiments represent proteins that bind non-
specifically to EGFP, or components of the GFP-Trap (Trinkle-Mulcahy, Boulon et al.
2008). Examination of the EGFP-CCHFV N/EGFP ratio for the two MAP datasets
(Figure 4.5) indicated that the majority of proteins exhibited fewer than a 6-fold
difference, therefore a 6-fold ratio or below was chosen as a cut-off threshold for non-
specific interacting proteins in this study. Cellular proteins exhibiting ratios of 6 or
greater were considered to potentially represent specific interacting partners of EGFP-
CCHFV N. This 6-fold cut off value was arbitrary, and served to reduce the number of

candidate interacting proteins that would be validated by western blot analysis.
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Figure 4.5 Protein ratio frequency graphs of EGFP-CCHFV N IP analysis

The protein ratio frequency graph of the MAP IPs shows the numbers of identified
cellular proteins with each SILAC ratio (EGFP-CCHFV N/EGFP). In IP experiments of
this type, many of the identified | | @roteins represent experimental contaminants,
which bind non-specifically to components of the GFP-Trap. An increased abundance
ratio indicated an increased likelihood the protein is a specific interacting partner of
EGFP-CCHFV N. In this analysis the majority of proteins were described by a normal
distribution centered around a ratio of 5, and a 6-fold cut off value was chosen to
distinguish between specific and nonspecific EGFP-CCHFV N interacting partners.
The MS analysis was performed twice on the same sample, and the ratios derived
from each analysis are represented as green and red bars. Highlighted are some
proteins that were validated by western blot analysis for their ability to co-IP with
EGFP-CCHFV N (Figure 4.6).

A table summarising the data from these two mass spectrometry analyses is included

in Appendix II.
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4.2.5 Independent validation of potential interacting partners of EGFP-CCHFV N

by western blot analysis

Putative cellular interacting partners of EGFP-CCHFV N were initially identified by
SILAC based MS analysis using immunoprecipitates from labelled 293T cells. IPs
were repeated using lysates from unlabelled 293T cells expressing either EGFP-
CCHFV N or native EGFP, in order to validate selected co-immunoprecipitated
proteins (highlighted in Figure 4.5) by western blot analysis (Figure 4.6). Selected
cellular proteins were chosen due to their identification in the MS analysis by multiple
peptides, and their significantly greater abundance in immunoprecipitates from EGFP-

CCHFV N expressing cells, compared to EGFP expressing cells.

Control IPs were performed using both uncoupled agarose beads, and an
RFP-trap (single domain anti-RFP antibodies conjugated to the same agarose bead
matrix as used in the GFP-trap), to verify the selected cellular proteins did not IP non-
specifically with components of the GFP-trap. Western blot analysis with anti-EGFP
confirmed the GFP-trap specifically | P &@FP-CCHFV N and EGFP, whereas the
RFP-trap and the agarose bead controls did not (Figure 4.6). This confirmed the
effectiveness of the GFP-trap methodology for the specific IP of EGFP and EGFP-
CCHFV N.

CCHFV N has previously been shown to bind to actin (Andersson, Simon et al.
2004); this known interaction was used to assess the success of the GFP-trap and
MS identification procedure, and as a positive control in western blot validation
experiments. In good agreement with previous work, western blot analysis of IPs from
EGFP-CCHFV N expressing cell lysates revealed actin immunoprecipitated
abundantly with EGFP-CCHFV N, but was not immunoprecipitated, or was
immunoprecipitated to a much lower extent, with the control RFP-trap or unbound

agarose beads (Figure 4.6).
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Figure 4.6 Independent validation of potential interacting partners of EGFP-

CCHFV N by western blot analysis.

Western blot analysis (left) confirmed the specific co-IP of actin, HSP70/HSC70 (heat
shock 70 kDa protein 1 (HSP70) and heat shock cognate 71 kDa (HSC70); the
antibody used does not distinguish bet-ween t
tubulin. GAPDH and B23 did not co-IP with EGFP-CCHFV N, supporting the 6-fold cut
off value chosen for specific interacting partners. The table presenting the SILAC
ratios for these proteins (right) includes the UniProt accession number, which was
used to access information about the proteins (gene name, primary sequence,

function) from the online UniProt database.

Cytoplasmic actin was identified in both MAP' and MAP? MS analyses by 19 and 17
peptides with increased ratios of 6.8 and 16.5 -fold, respectively. Other cellular
proteins that exhibited high SILAC ratios included heat shock protein 70 (HSP70),
heat shock cognate 71 kDa (HSC70), vimentin, and the tumor suppressor protein p53.

145



Chapter 4: Identifying host proteins that interact with CCHFV N and HAZV N

For each of these cellular proteins, western blot analysis of immunoprecipitates from
EGFP-CCHFV N expressing cells detected a corresponding protein of appropriate
molecular weight in both the input material and following IP with the GFP-trap, with no
or much reduced binding to the unbound agarose beads, or the RFP-trap. These
cellular proteins were not identified in GFP-trap immunoprecipitates from cells
expressing EGFP, which strongly suggested that the interaction between each of the
listed cellular proteins was specific to EGFP-CCHFV N, rather than EGFP.

In the case of HSP70, the anti-HSP70 antibody used to probe western blots
also detected HSC70 (HSC70 was also assigned high SILAC ratios in both MS
analyses (Figure 4.6, right)). HSP70 and HSC70 are both members of the HSP70
family of molecular chaperones; they are structurally very similar, share > 85 %
sequence identity, and perform many identical functions within the cell (Liu, Daniels et
al. 2012). In sections 4.4 1 4.8, this anti-HSP70 antibody was used to analyse IPs,
and the identified protein is referred to as HSP70 for clarity.

GAPDH and nucleophosmin (B23.1/NPM1) were identified in the MAP MS
analyses with low EGFP-CCHFV N/EGFP SILAC ratios of 3.95 and 4.5, respectively
(Figure 4.6). As described above, previous work by others has indicated these ratios
likely represent proteins that interacted non-specifically with EGFP, or components of
the GFP-Trap (Boulon, Ahmad et al. 2010). In agreement with this, western blot
analysis failed to detect the presence of either of these proteins in the GFP trap
immunoprecipitate from EGFP-CCHFV N expressing cells (Figure 4.6), indicating

these proteins likely bound non-specifically to EGFP or components of the GFP-Trap.

b-tubulin also exhibited relatively low ratios of 5.1 and 5.5 in the two MAP MS
analyses. However, b-tubulin was detected in GFP trap immunoprecipitates from
EGFP-CCHFV N transfected cells, although with much reduced abundance compared
to the amount of tubulin present in the input cell lysate. This was in contrast to HSP70,
p53, and vimentin, which exhibited relatively high abundances in EGFP-CCHFV N IPs;

this suggested b-tubulin may represent a weak or transient interacting protein.
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4.3 SECTION SUMMARY

This section has presented the identification of cellular proteins that interact with
EGFP-CCHFV N, through the use of SILAC-based MS analysis of GFP-Trap IPs. IP
of EGFP-CCHFV N and EGFP from different SILAC labelled cell populations allowed
the discrimination between cellular proteins that interacted specifically with EGFP-
CCHFV N, and those that bound non-specifically to EGFP or components of the GFP-
Trap. The MS analysis was performed twice on the same sample, and a total of 192
proteins were identified, 112 proteins were common to both analyses, 46 proteins

unique to the first analysis and 34 proteins unique to the second.

Each identified protein was assighed a SILAC ratio, which acted as a guide to
the specificity of its interaction with EGFP-CCHFV N; the higher the ratio, the more
likely the identified protein was a specific interacting partner of EGFP-CCHFV N. Due
to the majority of proteins having a ratio of 6 or below, a ratio of 6 was arbitrarily
chosen as the cut-off for specific interacting partners; proteins with a ratio above 6
were considered to potentially be interacting partners of EGFP-CCHFV N, and those
with a ratio below 6 were considered to be non-specific. The cellular protein actin, a
known interacting partner of CCHFV N (Andersson, Simon et al. 2004) was used as a
positive control to assess the success of the GFP-Trap and identification in the MS
procedure. In good agreement with previous work, actin bound specifically to EGFP-
CCHFV N (Figure 4.6), and was identified in the MS analysis with a ratio of 16.46 and
6.8. Independent validation of potential interacting partners of EGFP-CCHFV N was
undertaken by western blot analysis, which confirmed the specific IP of several
proteins (including actin) with high ratios; HSP70 (37.85, 40.11), vimentin (25.44,
28.33), and cellul ar t-tubmio had alower ragie(5.12p5538),
but still immunoprecipitated with EGFP-CCHFV N. GAPDH and B23 had low SILAC
ratios, (3.95, 4.53 respectively) and did not co-IP with EGFP-CCHFV N.

HSP70 was chosen to be further validated as an interacting partner of
untagged CCHFV N and HAZV N due to the high SILAC ratio of HSP70 (and HSC70)
in both MS analyses, the abundance of HSP70 that immunoprecipitated with EGFP-
CCHFV N when analysed by western blot (Figure 4.6), and evidence from the
literature that HSP70 interacts with viral proteins from several different viruses and is
recruited during their replication cycles (Mayer 2005). In some instances the
recruitment of HSP70 is beneficial to the virus replication cycle, in others viral protein
interaction with HSP70 appeared to be detrimental to virus replication (Yu, Ye et al.
2009). In either case the interaction of HSP70 with viral proteins impacted virus

replication, which suggested the interaction of HSP70 with EGFP-CCHFV N could
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also potentially impact CCHFV replication. Experiments examining the interaction of
HSP70 with un-tagged CCHFV N and HAZV N are summarised in the following

sections.

4.4 RESULTS: IMMUNOPRECIPITATION OF HSP70 WITH CCHFV N

IPs of un-tagged CCHFV N were carried out to confirm that the co-IP of HSP70 with
EGFP-CCHFV N was not an artefact of overexpressing the EGFP-CCHFV N fusion

protein.

4.4.1 Validation of anti-CCHFV N antibodies derived from sheep serum

Antibodies targeting CCHFV N were generated using the same method described for
the anti-HAZV N antibodies (section 3.2.4). Briefly, recombinant CCHFV N was
purified from E. coli (Carter, Barr et al. 2012) and 1 mg >95 % pure CCHFV N was
sent to Altabioscience. A sheep immunisation programme compliant with UK home
office regulations was undertaken, which resulted in 3 succesive serum bleeds
containing antibodies recognising CCHFV N. The ability of anti-CCHFV N antibodies
present in the 3™ bleed serum to recognise CCHFV N expressed from several
different sources was assayed by western blot analysis (Figure 4.7) using the same
methodology described in section 4.2.2. The serum will be refered to as anti-CCHFV
N.

Anti-CCHFV N specifically recognised CCHFV N from several different
sources; purifed from E. coli, 293T cell expressed EGFP-CCHFV N, and untagged
CCHFV N (expressed from a pCAGGS plasmid, described in section 4.4.2), whilst not
cross reacting with cellular proteins in 293T whole cell lysate (Figure 4.7). This
confirmed the success of the immunisation programme, and anti-CCHFV N was
subsequently used to detect CCHFV N during western blot analysis, IP experiments

and immunofluorescence (IF) experiments.
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Figure 4.7 Western blot analysis of CCHFV N from diffferent sources using anti-
CCHFV N.

Anti-CCHFV N specifically recognised CCHFV N purified from E. coli, expressed from

a pCAGGs-CCHFV N plasmid (described section 4.4.2), EGFP-CCHFV N, and ||
EGFP-CCHFV N. The absence of bands of corresponding molecular weight in whole

cell lysate from 293T cells indicates anti-CCHFV N did not cross-react with cellular

proteins when diluted 1:10,000 (v/v) in 5 % (w/v) BSA in TBST. At higher
concentrations of anti-CCHFV N (1:1000-, 1:5000 (v/v) in 5 % (w/v) BSA in TBST),

there were faint bands in the 293T whole cell lysate lane; these may either represent

bleed-over from adjacent lanes, or cellular proteins cross-reacting. Western blot

courtesy of Alex Brown.

4.4.2 CCHFV N expression

CCHFV N was expressed from the pCAGGS-CCHFV N plasmid (Figure 4.8). High
level gene expression in mammalian cells is driven by the synthetic CAG promoter,
and resulted in the expression of un-tagged CCHFV N.
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Figure 4.8 Plasmid map of the CCHFV N ORF in a pCAGGs vector

Untagged CCHFV N was expressed from pCAGGs-CCHFV N in mammalian cells.
Image generated with SnapGene.

CCHFV N was expressed in 293T cells using calcium phosphate mediated
transfection, and in HUH-7 cells (a hepatocyte derived carcinoma cell line, originally
isolated from a liver tumor) using lipofectamine-2000 based transfection.
Lipofectamine 2000, and RNAIMAX (utilised in section 4.9.1) are specially designed
cationic lipids that facility entry of DNA and siRNA into cells. CCHFV N was expressed
as a 53 kDa protein (Figure 4.9 (A)), which was detected by western blot analysis
(described in section 4.2.2) and indirect IF staining (Figure 4.9 (B)) using anti-CCHFV
N.
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