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Abstract

Crimean-Congo hemorrhagic fever virus (CCHFV) is one of the most widespread
medically important arboviruses, causing human infections that result in case fatality
rates of up to 60%, and for which no effective preventative or therapeutic measures are
available. Here, the selection and biophysical characterisation of a high-affinity small
protein (Affimer-NP) that binds specifically to the nucleoprotein (NP) of CCHFV and
possesses potential antiviral properties are described. Affimer-NP interferes in the RNA
binding function of CCHFV NP, and inhibits CCHFV gene expression, reconstituted
using a mini-genome system in mammalian cells. Solution of the crystallographic
structure of the complex formed by these two molecules at 2.84 A resolution revealed
the structural basis for these interferences, with the Affimer-NP binding site positioned at
a critical region of the NP involved in RNA binding and oligomerization. Additionally,
the in vitro application of this novel molecule for the development of enzyme-linked
immunosorbent and lateral flow assays is validated, presenting the first published point-

of-care test able to detect CCHFV NP in spiked human and animal sera.

The study of nairoviral NPs is further deepened using a reverse genetics system
for Hazara virus (HAZV), a closely related homologue of CCHFYV, for the incorporation
of clonable tags to study the morphology and intracellular trafficking of nairoviral
ribonucleoproteins (RNPs). A C-terminal 6xHis tag was engineered in the NP of HAZV
for the purification of native viral RNPs in the context of infectious virus using affinity
chromatography. Structural analyses of purified RNPs using electron microscopy revealed
the helical structure of native nairoviral RNPs. A split-enhanced green fluorescent
protein (split-eGFP) strategy was used to tag and visualise the NP of HAZV in infected
cells. This system, combined with other fluorescence-based labelling techniques, allowed
the characterisation of the intracellular dynamics of HAZV components and revealed
the localisation of nairoviral replication factories using confocal microscopy. These
results validate a novel approach to design and produce tagged-NP replication-competent

recombinant HAZV that represents a valuable tool for the study of nairoviruses.
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Chapter 1
Introduction

Viruses are infectious molecular machines lying on the borderline between inanimate
and living entities. The term virus, borrowed from Latin virus, referring to poison, slime
or venom’, was used for the first time in 1728 to describe an agent that causes infectious
disease. But it was not until 1892 when Dimitri Ivanovski and Martinus Beijerinck
identified the first virus, tobacco mosaic virus, using a porcelain filter previously designed
by Charles Chamberland to isolate it [1]. Despite disagreements on the origin of viruses,
and the lack of tools to investigate the nanoscopic world until the 20" century, there is
scientific evidence that these entities have evolved and co-existed with life for millions
of years [2]. Viruses are obligate intracellular parasites which require the machinery and
metabolism of a host cell for replication. Only a limited range of hosts can be infected
by each particular virus, but within the vast diversity of existing viruses the host range
includes members from the six kingdoms of life: Archaebacteria, Eubacteria, Protista,

Fungi, Plantae and Animalia.

Humans are constantly exposed to this large diversity of viruses, which are very
genetically heterogeneous and may have the potential to infect humans or to evolve to
do so. There are more than 200 viral species known to be able to infect humans, and
this number increases with the finding of new species every year [3]. A substantial
proportion of mammalian viruses may be capable of crossing the species barrier into
humans, a phenomenon known as zoonosis [4]. It is predicted that only around half
of these would be capable of being transmitted by humans, and around half again of
causing major outbreaks [3]. With globalisation of human movement, increased density
of human populations, climate change and loss of natural habitats, there is increased
risk of interaction between species, and within species. This reinforces the emergence

of infectious diseases by increased contact and cross-species transmission, as well as

17



movement of infectious agents into geographic regions where they have not been found
before [5].

Emerging infectious diseases are a major contemporary concern due to their impact
on both the public health and economy of developing and developed nations. A
recognisable example is the ongoing pandemic outbreak of pneumonia caused by a
novel coronavirus, severe acute respiratory syndrome coronavirus-2, which has been
responsible for more than 800,000 deaths as of August 2020, and is causing the worst
worldwide economic recession since the Great Depression of the 1930s [6]. Viral
outbreaks are generally unexpected, and therefore preparedness for their prevention
and control is crucial. Tools and abilities for immediate action in outbreak situations
include the identification and characterisation of the causative agent, the evaluation of its
pathogenic potential, and the fast development of diagnostic assays. The work presented
in this thesis forms part of the HONOURSs project, a Marie Sklodowska-Curie Actions
Innovative Training Network (MSCA-ITN) teaching 15 early stage researchers to become

preparedness-experts on host switching pathogens, infectious outbreaks and zoonosis [7].

Nearly two thirds of emerging infectious diseases are caused by zoonotic viruses
[8], most of them having wild mammal origins such as human immunodeficiency virus or
Ebola virus (EBOV). There are several routes of transmission for zoonotic diseases, which
can be divided into either contact with the infected animal host or contact with the infected
arthropod host. In the case of the animal, virus contact can be through virus contaminated
objects known as fomites, inhalation of aerosolised virus from infected body fluids, or
direct contact with the virus through an animal bite. In the case of the arthropod vector,
transmission can occur by biting or mechanical transfer of the virus, which is predicted
to be the most common infection route for viral zoonosis [8]. Arboviruses are defined
as arthropod-borne viruses, and commonly cause unprecedented outbreaks such as the
recent Chikungunya and Zika virus (ZIKV) epidemics [9]. They are becoming a threat
worldwide due to their ability to spillover from their natural niches, mainly occurring in

the regions of Asia, America and Africa, to susceptible urban regions [9, 10, 11].

Arboviruses affecting humans involve three main viral groups: family Flaviviridae,
family Togaviridae and order Bunyavirales; and a small number of members belong to
the Reoviridae, and Orthomyxoviridae families [10, 11, 12]. In this project, the focus
has been placed on two arboviruses of the order Bunyavirales, family Nairoviridae: the
zoonotic and highly-pathogenic Crimean-Congo hemorrhagic fever virus (CCHFV), and

its homologue and non-pathogenic in humans Hazara virus (HAZV).
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1.1. CCHFV and HAZV

1.1 CCHFYV and HAZV

1.1.1 Discovery

Crimean-Congo hemorrhagic fever virus was first recognised in the Crimean
peninsula in 1944, when more than 200 cases of a severe febrile illness accompanied by
bleeding and shock occurred in Soviet soldiers working to restore agricultural production
in farmland abandoned during the German occupation in World War II [13, 14]. Mikhail
Chumakov led the team of scientists sent from Moscow to investigate the outbreak.
An association of what was then called *Crimean disease with tick bites’ was quickly
recognised and linked to the increase in the population of hares and other wild hosts
of Hyalomma ticks as consequence of the abundance of abandoned farm land during
the German occupation. Etiology of the disease was established through experimental
infection studies via inoculation of filtered tick extracts in military volunteers and

psychiatric patients [15, 16].

In 1967, Chumakov and his colleagues at the Institute of Poliomyelitis and Viral
Encephalitis in Moscow, first used new-born white mice and rats for propagation
and isolation of CCHFV through inoculation of samples from patients, resulting in
the isolation of nine CCHFV strains. The Drozdov strain, named after the patient
it was isolated from, was used as the prototype to develop antigens and antibodies
for consecutive serological surveys and investigations of virus isolates from different
geographical locations [17]. In 1968, the Drozdov strain was transferred to the Yale
arbovirus research unit (YARU), where Jordi Casals associated the Crimean virus with
three different strains of Congo, at the time a poorly characterised virus isolated from
human patients from the Congo and Uganda, and from Hyalomma ticks from Pakistan
[18]. The Crimean and the Congo viruses seemed to be antigenically indistinguishable

using complement fixation and neutralisation test experiments [19].

Less than 2 years after the first isolation of CCHFV by Chumakov and his colleagues,
it was demonstrated that the Crimean-Congo hemorrhagic fever (CCHF) causative agent
occurs in nature from Pakistan to Bulgaria and several regions of Africa, leading to the
renaming of the two virus isolates to Crimean-Congo hemorrhagic fever virus [20]. Since
the first documented appearance of CCHFV in 1944, more than 140 CCHFV outbreaks
and over 5000 cases have been reported worldwide [21]. CCHFV is now considered
one of the most widespread medically important emerging infectious diseases, and its
geographical range is drastically expanding to new areas where the CCHFV agent had

never been described before [22].
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1.1. CCHFV and HAZV

HAZV was first isolated from a pool of six adult Ixodes redikorzevi ticks collected
from subarctic terrain, 12,000 ft above sea level, in the vole Alticola roylei, in the Kaghan
Valley, West Pakistan [23, 24]. The virus, firstly named JC 280, was adapted to suckling
mice and the preparation of antigens and mouse immune serum were described together
with eight other viral agents isolated from hard ticks collected in Pakistan [25]. JC
280 showed cross-reactivity in neutralisation tests with CCHFYV, indicating a serological
relationship between them, but no cross-reactivity was shown in complement fixation
tests with CCHFV antigen. These findings suggested that JC 280 was a distinct virus
from CCHFYV, and thus JC 280 gained its current nomenclature, HAZV, from the place it
was isolated from, the Hazara District [23]. HAZV has been shown to be lethal in adult
mice deficient in the type I interferon receptor (IFNAR), but infectivity and pathogenicity
have not been reported in humans to date. Therefore, infectious HAZV can be handled at

containment level 2 and has been used as a model virus for CCHFV.

In 2016, a novel orthonairovirus named Tofla virus (TFLV) was described in Japan
[26]. Two different strains were isolated from Heamaphysalis flava and Heamaphysalis
formsensis ticks collected in Tokushima and Nagasaki, respectively. Sequence analyses
revealed similarities between these viruses and HAZV with 75.7%, 61.3% and 21.4%
amino acid shared identity of the small (S), medium (M) and large (L) segments,
respectively.  Cross-neutralisation between HAZV and TFLV was also described,
suggesting that TFLV forms part of the CCHFV serogroup. Furthermore, TFLV exhibited
lethal infection in IFNAR-knockout mice, as HAZV did, suggesting that TFLV could
also serve as modelling virus for CCHFV. TFLV infections in humans and animals are
currently unknown, but this virus is normally handled under BSL-3 facilities because its
pathogenic potential in humans is not clear [26]. Due to the similarities between HAZV
and TFLYV, both of them have been classified as members of the Hazara orthonairovirus

species [27].

1.1.2 Classification

The realm Riboviria comprises all RNA viruses and viroids. It includes the
phylum Negarnaviricota, containing all negative sense single-stranded RNA (ssRNA)
viruses (group V in Baltimore classification), and multiple unclassified orders, families,
and genera (Figure 1.1). The phylum Negarnaviricota is, in turn, divided into the
subphyla Haploviricotina and Polyploviricotina. As their nomenclatures suggest, the
Haploviricotina subphylum (from the Ancient Greek haplo, ’simple’) is formed by non-

segmented negative sense RNA viruses, and the Polyploviricotina subphylum (from the
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1.1. CCHFV and HAZV

Ancient Greek polyplo, ’complex’) is formed by segmented negative sense RNA viruses.

The Polyploviricotina subphylum is constituted by two classes: Ellioviricetes
and Insthoviricetes, which encompass the orders Bunyavirales and Articulavirales,
respectively. According to the last taxonomic update accepted by the International
Committee on Taxonomy of Viruses (ICTV) [27], the order Bunyavirales comprises
twelve families: Arenaviridae, Cruliviridae, Fimoviridae, Hantaviridae, Leishbuviridae,
Mypoviridae,  Nairoviridae,  Peribunyaviridae, = Phasmaviridae, =~ Phenuiviridae,
Tospoviridae and Wupedeviridae. Most members from the Bunyavirales order are
transmitted by hematophagous arthropods including mosquitoes, midges, flies, and
ticks. Exceptions are hantaviruses and arenaviruses, which are transmitted by rodents,
and tospoviruses and fimoviruses, which are plant-specific and are transmitted via

non-hematophagous vectors, namely thrips and eriophyid mite vectors, respectively [28].

Bunyavirus families present very different host ranges. Members of the Tospoviridae
and Fimoviridae families infect plants, whereas the Phasmaviridae family is insect-
specific.  Leishbuviridae family members are protozoa-specific and Cruliviridae,
Mypoviridae and Wupedeviridae family members infect invertebrate hosts. Members
belonging to other bunyavirus families infect vertebrates and cause serious human
diseases, such as Lassa virus (LASV; family Arenaviridae), Rift Valley fever virus
(RVFV; family Phenuiviridae), sin nombre virus (SNV; family Hantavirus), La Crosse
virus (LACV; family Peribunyaviridae) or CCHFV (family Nairoviridae).

Both CCHFV and HAZV are members of the family Nairoviridae, genus
Orthonairovirus. CCHFV is the only member of the Crimean-Congo hemorrhagic
fever orthonairovirus species, and HAZV, together with TFLV, forms the Hazara
orthonairovirus species. These three members (CCHFV, HAZV and TFLV) form the
CCHFYV serogroup, one of the nine serogroups of the Orthonairovirus genus. Another
remarkable serogroup of this genus is the Nairobi sheep disease serogroup, formed by
Nairobi sheep disease virus (NSDV), Dugbe virus (DUGV) and Kupe virus (KUPV).
NSDV causes severe disease in sheep and goats in East Africa and India with a case
fatality rate of around 70% [29]. DUGYV affects cattle in Nigeria, but the pathogenesis of

KUPYV in mammals is unknown [30].

1.1.3 Transmission

CCHFV circulates in nature between tick and vertebrate hosts (Figure 1.2). Several

tick species of the family Ixodidae, characterised by having a hard shield, play a role in
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1.1. CCHFV and HAZV

Realm:
Riboviria
Unassigned orders, Phylum:
families and genra Negarnaviricota
|
[ 1
Subphylum: Subphylum:
Polyploviricotina Haploviricotina
Class: Class:
Ellioviricetes Insthoviricetes
o \
Families: Order:
Arenaviridae Articulavirales
Cruliviridae
Fimoviridae )
M Hantaviridae Species:
Order: Leishbuviridae Genra: Artashat orthonairovirus
Bunyavirales {1 Mypoviridae Orthonairovirus - Chim orthonairovirus
Nairoviridae Shaspivirus Dera Ghazi Khan
Peribunyaviridae Striwavirus orthonairovirus
Phasmaviridae Dugbe orthonairovirus
Phenuiviridae Estero Real orthonairovirus
Tospoviridae CCHF orthonairovirus
Wupedeviridae Hazara orthonairovirus

Figure 1.1: Taxonomy of CCHFV and HAZV. CCHFV and HAZV belong to the realm
Riboviria, phylum Negarnaviricota, subphylum Polyploviricotina, class Ellioviricetes, order

Bunyavirales, family Nairoviridae, genus Orthonairovirus, species CCHFV orthonairovirus and

Hazara orthonairovirus, respectively.

the transmission of CCHFV. Members of the Hyalomma, Rhipicephalus and Dermacentor
ticks species are known to be capable of transmitting the virus, but ticks of the Hyalomma
genus are the main source of human infection [31], and their global distribution closely

matches that of CCHFV incidence. Vertical viremic transmission of CCHFV within tick

Hughes orthonairovirus
Kasokero orthonairovirus
Keterah orthonairovirus
Nairobi sheep disease
orthonairovirus

Qalyub orthonairovirus
Sakhalin orthonairovirus
Tamdy orthonairovirus

| Thiafora orthonairovirus
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1.1. CCHFV and HAZV

populations can occur through trans-stadial, trans-ovarial and venereal transmission [15].
Bursts of amplification normally occur during spring and summer, when ticks take blood
meals from small and large vertebrates, and infect them with the virus. Ticks take blood
meals once during each developmental stage (larva, nymph and adult), which are required
to acquire the nutrients necessary for their maturation and egg production. Non-viremic
horizontal way of transmission can also occur between ticks, without the presence of an
infected animal host. Tick saliva contains substances that enhance the transmission of the

virus to other ticks feeding nearby [32].

Nymph Adult

Large mammals

Small mammals
and birds

Larva Eggs
Humans

Figure 1.2: Transmission cycle of CCHFYV. Hyalomma tick species is the natural reservoir of
CCHFV. Vertical transmission (trans-stadial, transovarial and venereal) occurs during Hyalomma
ticks life-cycle. Small and large vertebrates are normally infected by ticks during their blood meals
acting as transient hosts of the virus. Humans are considered *dead-end’ hosts of the virus. Human
infections can occur by bite of infected ticks or by contact with blood or tissues of viremic patients

or animals.

Members of the Hyalomma genus normally feed on two or three animal hosts per
life cycle. Commonly, larvae and nymphs feed on rodents, hares, ground-feeding birds
or other small animals and adults feed on larger mammals such as sheep or cattle [32].
CCHFV can replicate in a wide range of vertebrates including horses, donkeys, sheep,
cattle, scrub hares, mice, rats and ostriches [33]. Most vertebrates infected with CCHFV

develop only a transient viremia without symptomatic illness which is resolved in 1-2
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1.1. CCHFV and HAZV

weeks. Viremic animals serve as transient reservoirs of the virus, infecting naive ticks
when they feed on them. But the only true natural reservoirs of the virus are ticks, which

remain infected through their entire lives[15].

Humans are infected by bite of infected ticks or by contact with blood or tissues
of viremic patients or animals [34]. CCHFV infections are particularly common among
professional workers that come into contact with potentially infected animals or human
blood on a daily basis, such as farmers, shepherds, veterinarians, abattoir workers,
laboratory workers and health workers. High-risk populations also include people
exposed to ticks during recreational activities such as hiking or camping [35]. Humans are
considered only accidental or ‘dead-end’ hosts because they are not a source of infection

for ticks, the natural reservoir of the virus.

1.1.4 Epidemiology and geographical distribution

The geographic distribution of CCHFV closely matches the range of its Hyalomma
tick host, which is widespread throughout Africa, Asia, the Middle East, and South-
eastern Europe [36]. As such, CCHFYV is one of the most widespread tick-borne viruses
on earth [21].

After the first description of CCHFV in 1967, initial cases were reported in the
former Soviet Union (Crimea, Astrakhan, Rostov, Uzbekistan, Kazakhstan, Tajikistan)
and Bulgaria. These were followed by outbreaks in several African countries that included
Democratic Republic of the Congo, Uganda, and Mauritania. Presence of CCHFV in
Middle East countries was first reported in the 1970s in animal and human serosurveys in
Iran. Since then, cases have been reported in Iraq, the United Arab Emirates and Saudi
Arabia. CCHFYV has also been found in central and eastern Asia where outbreaks have
been described in China and India. In the recent years, most CCHFV cases have been
reported in Pakistan, Iran, Bulgaria, Turkey and India [21, 15]. The first autochthonous
case of CCHFV in Western Europe occurred in Spain, in 2016. A 62-year-old man who

had been bitten by a tick died, and nosocomial spread to a nurse was detected [22].

CCHPFV is considered an emerging virus due to its recent geographic expansion and
increase in the number of countries where it is considered to be endemic. Currently 52
countries are recognised as endemic or potentially endemic regions. In most of these
regions, CCHFV human infections have been described. But evidence of circulating
CCHFYV has also been reported based on the recovery of viral sequences or live virus from

ticks or animals, and the detection of CCHFV-specific antibodies in serosurveys [21, 15].
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1.1. CCHFV and HAZV

Countries with at least one case of virological or serological evidence of CCHFV are

highlighted in Figure 1.3.

B Crimean-Congo Haemorrhagic Fever Virus

Figure 1.3: Geographical distribution of CCHFYV. Countries with at least one case of
virological or serological evidence of CCHFV are highlighted in the map. Data obtained from
reference [37]. North limit for the geographic distribution of Hyalomma species ticks (50 °N) is

represented with a line.

Expansion of CCHFV has been attributed to several causes that include human
case introduction, infected tick introduction and movement of animals [38]. Person-to-
person transmission due to contact with infected body fluids (especially blood, semen
and saliva) has been reported in several cases. Nosocomial spread to nurses is often seen
when standard barrier nursing methods are not properly executed and cases of sexual
transmission have also been documented [39]. Introduction of CCHFV to non-endemic

areas has also been reported by travel of infected patients [38].

Importation of ticks into new areas is concerning due to the possibility of
establishment of new populations able to sustain the introduction of viruses in a non-
endemic region. Movement of infected ticks may also result in transmission of the

virus to humans, starting a wave of human-to-human transmission. Dispersion of ticks
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1.1. CCHFV and HAZV

is associated with expansion of their host populations and bird migrations. Although
experimental infection of birds does not support efficient viral replication (with the
exception of ostriches), avian populations seem to play an important role for long-distance
movement of ticks [38]. Movement of infected animals is also a promoter for expansion
of viral diseases. Lack of clinical signs in CCHFV infected livestock makes it difficult
to prevent movement of infected animals between regions, resulting in international

movement of the virus through livestock trade [15].

1.1.5 Symptoms and pathogenesis

Most CCHFV human infections are asymptomatic or cause a non-specific mild
febrile illness. In some cases, severe progression of the disease is observed, but factors
contributing to development of fatal disease are unknown [40]. After brief incubation
periods (between 3 and 7 days), CCHFV causes an acute febrile illness accompanied by
non-specific symptoms that include myalgia, vomiting and diarrhea. A second phase
of the disease is commonly characterised by symptoms that range from petechiae to
large areas of ecchymosis and hemorrhage of the gums, nose, internal organs, and
gastrointestinal system [41]. This stage is generally short and frequently results in high
fatality records with 30-50% mortality rates [15]. Higher fatality rates have been reported
in various outbreaks, such as in the United Arab Emirates or China with up to 72% and

80% mortality records, respectively [42, 43].

In severe cases, multi-organ failure, disseminated intravascular coagulation, and
circulatory shock result in death of patients. Fatal outcome is associated with high
amount of virus in blood, decreased antibody response and platelet counts, elevated
liver enzymes, prolonged bleeding times, decreased fibrinogen levels, somnolence, and
gastrointestinal bleeding [44, 45, 46, 47]. Certain human leukocyte antigen (HLA)
alleles (HLA-A*23) have also been correlated to severity of the disease [47]. In survivor
patients, a convalescent period normally begins 10-20 days after onset of illness. Some
characteristic symptoms of this stage include feeble pulse, tachycardia, loss of hearing,

memory and hair [21].

Very little is known about the pathogenesis of CCHFYV, due to the high biosafety
required to handle the virus, lack of animal models and occurrence of infections in
areas where limited research facilities are available. The main responsible factor for
CCHFYV pathogenesis is believed to be the interaction between virus and host cells, mainly
endothelial cells (ECs) and immune cells [47] (Figure 1.4). CCHFV overcomes the

epithelial barrier with help of the tick bite, and is released in ECs inducing endothelial
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1.1. CCHFV and HAZV

damage, characterised by up-regulation of intercellular adhesion molecule 1 (ICAM-1),
release of interleukin (IL)-6 and IL-8 and increased adhesion of leukocytes [48]. The virus
is then amplified by tissue resident macrophages and dendritic cells (DCs), facilitating
its transmission to local lymph nodes, spleen, and finally to systemic circulation of the
host. CCHFV easily enters the liver due to the fenestrated liver sinusoids and the lack
of a basement membrane. Pro-inflamatory cytokines IL-1, IL- 6, IL-8, IL-10 and tumour
necrosis factor-o (TNF-o) are released by ECs, macrophages and DCs inducing a strong
immune response. Excessive release of these cytokines causes systemic vascular collapse

and has been demonstrated to be a prognostic factor for disease severity [49, 47].

Other factors contributing to the pathogenicity of CCHFV include mechanisms for
impairment of the innate immune system and delay in the adaptive immune response.
CCHFV infection is characterised by partial activation of macrophages and DCs, resulting
in a lack of up-regulation of major histocompatibility complex II (MHC II), which is an
important partner for the activation of naive T cells [50]. Hyper-activation of monocytes
and macrophages is also a common feature upon CCHFV infection, causing cytopenias
as a result of an excessive phagocytosis of blood cells (hemophagocytosis) [51]. CCHFV
infection delays production of interferons (IFN) and prevents the anti-viral effects of these
molecules. Some of these mechanisms include processing the viral 5> RNA triphosphate
termini, avoiding RNA helicase (retinoic acid-inducible gene I) RIG-I stimulation and
IFN transcription [52], delayed stimulation of IFN regulatory factor-3 (IRF-3) nuclear
translocation during late infection causing a delay in the IFN response [53] and the lack
of production of significant amounts of the IFN inducer molecule double-stranded RNA
[54].

Disregulation of immunological and inflammatory pathways and cells upon CCHFV
infection results in disruption of hemostasis [47]. Endothelial damage stimulates
platelet aggregation and degranulation, followed by activation of the intrinsic coagulation
cascade and disseminated intravascular coagulation. This results in thrombocytopenia,
characterised by low platelet counts, and low levels of plasma coagulation factors, which
are also impaired due to liver disfunction. Vascular endothelial injury, disseminated
intravascular coagulation, thrombocytopenia, liver dysfunction, and diminished levels of
coagulation factors are responsible for hemorrhage, hypotension, multiple organ failure,

and shock, leading to fatal outcomes in CCHFV infected patients [47].

HAZV has only been reported to replicate in one tick species, Ixodes redikorzevi,
where it was first isolated [23, 24]. Mammalian natural hosts for HAZV are widely
unknown, but antibodies against the virus have been detected in wild rodent sera [55].

Experimental infections with HAZV have demonstrated its ability to replicate in a wide
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Figure 1.4: Pathogenesis of CCHFV. CCHFV overcomes the epithelial barrier with the help
of the tick bite, and is released in endothelial cells inducing endothelial damage. The virus is
then amplified by tissue resident macrophages and dendritic cells, facilitating its transmission
to local lymph nodes, spleen, and finally to systemic circulation of the host. Dissemination of
virus, excessive cytokine release, up-regulation of soluble adhesion molecules and impairment of

immune system result in hypotension, multiple organ failure, shock and hemorrhage.
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range of vertebrate hosts including mice, rats, hamsters, guinea pigs, rabbits, donkeys,

sheep and calves [56]. As for CCHFV, HAZV infected animals are asymptomatic.

1.1.6 Diagnostics

CCHFYV disease in humans is characterised by an early febrile phase with potential
to proceed further, causing severe hemorrhagic fever. Differential diagnosis during the
early disease phase is difficult due to associated non-specific febrile symptoms. After the
incubation phase, a first viremic phase is characterised by low CCHFV-specific antibody
levels and high virus titres (Figure 1.5). Current assays used for detection of CCHFV
during the viremic phase involve virus isolation, which must be performed under biosafety
level 4 (BSL-4) laboratory conditions, with reverse transcription polymerase chain
reaction (RT-PCR) detection representing the current gold standard, offering sensitive
and highly specific results [57]. Different RT-PCRs have been designed for CCHFV
detection, most of them targeting the small (S) segment of the virus. Some RT-PCR
assays are able to detect strains from all the different clades of the virus [58], and
quantitative RT-PCR (RT-qPCR) assays enable the measurement of viral load, and thus the
prediction of disease severity and likelihood of death [59]. An antigen-detection enzyme-
linked immunosorbent assay (ELISA) test (VectoCrimea-CHF-antigen, VectorBest) is

also commercially available to detect CCHFV antigens during the viremic phase.

During latter stages of the disease, hemorrhagic period and convalescence, virus
titres drop and high levels of immunoglobulin G (IgG) and immunoglobulin M (IgM)
antibodies are developed (Figure 1.5). Most available serologic methods for detection
of CCHFV during the later phase of the disease are ELISA tests based on the detection
of CCHFV-specific IgG or IgM [60, 61, 62, 63, 64, 65], which are also commonly used
in animal serosurveys [64, 66]. But in patients exhibiting severe disease, production of
antibodies is normally delayed, low, or even absent [67], making viral RNA (vRNA)

detection by RT-PCR the most reliable method of diagnosis in human cases.

Fatal outcome is associated with higher viral loads [44, 45, 46] and late diagnosis
of patients decreases treatment efficacy and increases the risk of fatal outcome and
nosocomial spread [68], making quick and accurate detection of antigen important for
disease management. In addition, rapid detection of CCHFV antigen in remote areas or
in low-resource settings is an urgent and unmet need. For these reasons, the development
of a commercially available, bio-safe, rapid point-of-care test is considered as urgent need
for research by the World Health Organisation (WHO) [35] and this objective has been

addressed in this project.
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Figure 1.5: Current diagnostic methods for CCHFV infected patients. Schematic
representation of phases and symptoms of CCHFV patients. Standard diagnostic methods for

each phase are described.

1.1.7 Treatment

CCHF disease management has proven difficult and there are no broadly licensed
therapeutics or vaccines. The current approach used to treat CCHF is based on general
supportive measures. Monitoring the hematological and coagulation status of patients is
crucial, including potential bleeding foci, fluid and electrolyte balance and blood count.
Replacement of cells and factors can be carried out if needed, including the administration

of thrombocytes, fresh frozen plasma, and sometimes erythrocyte preparations [69].

The drug ribavirin, which is a synthetic purine nucleoside analogue, has been
employed to treat CCHF. It inhibits the replication of a wide range of RNA and DNA
viruses in vitro, but its mechanism of action remains unclear. The efficacy of ribavirin for
the treatment of CCHF is controversial and placebo-controlled studies are difficult due
to ethical considerations, preventing definitive conclusions on the efficacy of ribavirin in
patients with CCHF [40]. Nonetheless, ribavirin treatment is considered to be beneficial
when administered during the early phase of the disease and is recommended as post-
exposure prophylaxis for healthcare workers dealing with CCHFV patients [70]. When
administered to CCHFV infected IFNAR knock-out mice, ribavirin prolonged the time
until death, but did not prevent it [71]. Another drug that has been explored for CCHFV
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treatment is favipiravir, an RNA polymerase inhibitor, which has shown efficacy in
suppressing viral replication and preventing mortality following CCHFV infection in
mouse models [71]. The use of monoclonal antibodies capable of neutralising CCHFV

infection is also considered as a potential alternative treatment for CCHF [40].

1.1.8 Vaccine development

In the 1970s the first CCHFV vaccine was developed in the Soviet Union, a
chloroform-inactivated mouse brain derived vaccine. It was licensed in Bulgaria and has
been administered to military personnel including medical and agricultural workers since
1974. The current vaccine consists of CCHFV strain V42/81, and was isolated from
a patient in 1981 [72]. Evidence of its protective efficacy is based on the reduction in
CCHFV cases since 1974. CCHF has never been observed in vaccinated individuals but
the vaccine is unlikely to gain widespread international regulatory approval due to its

crude preparation [73].

In recent years, several approaches have been studied for CCHFV vaccine
development. ~Most vaccines are based on the CCHFV nucleoprotein (NP) and
glycoproteins: the NP is highly conserved in different strains of the virus and plays an
essential role in viral replication, whereas the glycoproteins (Gy and G¢) are more diverse
but contain neutralising epitopes that have the potential to generate immune protection

against the virus.

Different approaches used for vaccine development include CCHFV inactivated
virus [74], virus vectors (modified vaccinia Ankara vaccines [75], herpesvirus [76],
adenovirus [77, 78] and vesicular stomatitis virus-based vaccines [79]), DNA and
messenger RNA (mRNA) vaccines [80, 81, 82, 83], transgenic plants [84], protein-based
vaccines [85, 86] and virus-like particles [87]. Many of these vaccines have been proven
successful in the induction of an immune response and protection from lethal disease
in mouse models. But the absence of larger animal models of CCHF has hindered
further evaluation of the efficacy of these vaccines, and controlled human studies have
not been reported [73]. An alternative animal anti-tick vaccine might also reduce the risk
of zoonotic transmission, and the pool of ticks carrying CCHFV [73]. Animal anti-tick
vaccines are thus potentially valuable, and may also be effective against CCHFV spread
[35].
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1.2 Molecular biology of CCHFYV and HAZV

1.2.1 Virion and genome structure

CCHFV and HAZV are enveloped, broadly-spherical viruses with a diameter of 80-
100 nm [88, 89, 90]. Electron microscopy (EM) studies show variation in virion shape
and dimensions, presenting pleomorphic morphologies that include oval and elongated
particles [90]. The surface glycoproteins (Gy and G¢) appear as a continuous layer of

protrusions of approximately 10 nm in length from the lipid viral envelope.

Glycoprotein (Gc)

RNA dependent RNA
polymerase (RdRP)

Figure 1.6: Schematic of a nairoviral virion. Nairoviruses are enveloped spherical viruses. The
three negative single-stranded segments (S, M and L) are associated with the nucleoprotein (NP)
and the RNA dependent RNA polymerase (RdRp) forming ribonucleoprotein (RNP) structures,

packaged inside the viral lipid envelope into which the glycoproteins (Gn and G¢) are inserted.

Each infectious virion contains three segments of negative sense RNA named small
(S), medium (M) and large (L), which respectively encode the NP, that encapsidates each
RNA segment; the glycoprotein precursor (GPC), which is post-translationally cleaved
to yield envelope glycoproteins Gy and G¢; and the L protein that contains both RNA
dependent RNA polymerase (RdRp) and ovarian tumour (OTU)-like modules with the
latter performing immune modulatory roles. The RdRp, together with NP, associates
with the genome segments or VRNA forming ribonucleoproteins (RNPs) [91] that act
as templates for all viral RNA synthesis activities. It is assumed that each infectious
particle must contain at least one copy of each segment in the form of RNP (Figure 1.6).
Packing of RNPs inside the virion is thought to be relatively unorganised, suggesting that

virion morphology is more likely to be dependent on interactions between the Gy and G¢
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heterodimer and the NP component of the RNPs [92].

In common with other members of the Bunyavirales order, the three genomic RNA
segments of orthonairoviruses contain complementary untranslated regions (UTRs) at
the 5’ and 3’ termini that surround an open reading frame (ORF) (Figure 1.7a) [92].
The complementarity of these terminal regions is believed to contribute to the circular
appearance of the bunyavirus genomes as has been evidenced for Uukuniemi phlebovirus
(UUKYV) and Bunyamwera virus (BUNV) by direct EM observation. However, this
has not been yet proven for orthonairoviruses, for which the native structure of viral
RNPs (VRNPs) has been poorly studied. Sequence alignment of orthonairoviral 5" and
3’ UTRs reveals a common arrangement with terminal-proximal regions of high sequence
conservation, followed by terminal-distal segment sequences that are more variable.
In particular, the nine nucleotides at the 5 and 3° UTR termini are invariant across
all segments of all species (Figure 1.7b) as well as being perfectly complementary.
Functional analyses of the entire UTRs have revealed the existence of two promoter
elements (PEs) separated by a variable spacer region, and detailed mutagenesis of these
regions using both mini-genomes and infectious virus has delineated nucleotides that

build up the promoters for viral RNA synthesis [93, 94].

1.2.2 Replication cycle

Despite the characterisation of CCHFV replication cycle being challenging due to its
high containment requirements, its molecular biology has been better characterised than
for HAZV. Due to their structural and genomic analogies, the replication cycle of HAZV
is expected to be analogous to that of CCHFV (Figure 1.8).

1.2.2.1 Virus entry and uncoating

CCHFV entry is mediated by the interaction of the glycoproteins with cellular
receptors. It is predicted to be predominantly mediated by G¢, which contains a
fusion peptide involved in driving membrane fusion [95], and is a target for neutralising
monoclonal antibodies [96]. A putative cellular receptor for CCHFV i1s nucleolin, which
has been shown to interact with G¢ and be essential for virus entry [97]. Internalisation
of CCHFV occurs through clathrin-mediated endocytosis, and is dependent on low pH
and cholesterol [98]. HAZV entry has also been demonstrated to be facilitated by cellular
cholesterol [99] and K* [90].

Following entry, CCHFV particles are transported to early endosomes and
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Figure 1.7: Schematic representation of nairovirus genomic segments and consensus
terminal sequences. (a) Nairoviruses contain three segments of negative sense sSRNA named
small (S), medium (M) and large (L), which respectively encode the nucleoprotein (NP), the
glycoprotein precursor (GPC) and the RNA dependent RNA polymerase (RdRp). An additional
ambisense open reading frame has been described for the CCHFV S segment, encoding the
non-structural S protein (NSg). The three segments contain two untranslated regions (UTRs,
represented in darker colours) in the 3 and 5° ends, flanking the respective open reading
frames. The 9 terminal nucleotides of the UTRs are highly conserved among the three segments
(represented in black, highlighted with circumflexes). (b) Representation of the terminal regions
of the UTRs from the S segments of different members of the nairovirus genus. The 9 terminal
nucleotides (highlighted in grey) are highly conserved, and form canonical Watson-Crick base

pairing (highlighted with asterisks), forming an open circular panhandle structure.
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Figure 1.8: Nairovirus life cycle. Schematic representation of the different stages of the
nairovirus cycle: attachment and entry (1), transcription (2), translation (3), replication (4),

assembly (5) and egress (6).
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subsequently to multivesicular bodies (MVB) in a process that is dependent on Rab5
and endosomal sorting complex required for transport (ESCRT) regulators [100, 101].
Blockade of Rab7-dependent trafficking has no effect on CCHFV infection, indicating
that the trafficking from early to late endosomes is not important for CCHFV replication
cycle, and that the MVBs are likely the main organelle where the CCHFV envelope fuses
with the host membranes and releases the RNPs into the cytoplasm. Acidification of early
endosomes is thought to induce changes on the conformation of CCHFV Gy and Gc,

allowing them to fuse with the cellular membranes [100].

Intact, dynamic microtubules are required for CCHFV internalisation and transport
of virion components to sites of replication [102]. Upon infection, CCHFV NP is directed
to a perinuclear region that is thought to be the site of CCHFV replication and virus
factory formation. Actin filaments have been shown to be involved in trafficking of the

NP to these regions [103].

1.2.2.2 RNA transcription and replication

Following fusion with cellular membranes, CCHFV RNPs are released into the
cytoplasm and the encapsidated vRNA serves as template for the synthesis of mRNA and
the positive sense complementary RNA (cRNA). Although there are no direct studies on
CCHFYV and HAZV RNA transcription and replication, studies with other nairoviruses,
such as DUGYV, and other members of the Bunyavirales order serve as representative

models of this processes.

The first RNA synthesis event is the primer-dependent transcription of a single
mRNA from each of the three VRNA segments (Figure 1.9). Primers comprise 7-
methylguanylate (m’G) capped oligoribonucleotides, cleaved from cellular mRNAs
[104], generated by an L protein resident endonuclease domain in a process commonly
referred to as a “cap-snatching”. These primers are on average 10 nucleotides in
length and present partial base pairing with the 3’ end of the vRNA template. Primary
transcription is carried out by the template associated RdRp to yield 5’ capped mRNA
[92].

Initiation of RNA synthesis only occurs once per segment, in contrast to non-
segmented negative sense RNA viruses where, following transcription of a gene, the
polymerase reinitiates transcription at regions that flank each gene, known as gene
junctions. This is thought to be due to the fact that the 3’ and 5’ sequences are
required for a functional promoter in the bunyavirales genomic segments [105]. A prime-

and-realign transcription initiation process has been proposed for bunyaviruses, which
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involves annealing the capped primer to an internal region of the 3’UTR containing a tri-
nucleotide repeat sequence (3’- AUCAUCAUC-5") [106]. After alignment and extension
by one or a few nucleotides, the nascent chain realigns backwards with the 3 proximal
triplet repeat on the template RNA. This process can occur several times before processive
elongation takes place, leading to a longer complementary primer forming a more stable

transcription complex.

Termination of mRNA transcription is thought to occur before the polymerase
reaches the 5’ terminus of the genomic template, generating truncated mRNAs at their 3’
ends relative to the genome template [107]. Highly conserved regions in the 5° UTRs of S
and L bunyaviral segments have been characterised as transcription termination signals
responsible for this truncation. In the case of the M segments, such a sequence has
not been found raising the possibility that mRNA synthesis is terminated via a different

mechanism [107].

5’ 3’
IUTRl Anti-genome (+) (CRNA) | UTR I
lReplication Replication I
3 5
IUTRl Genome (-) (VRNA) | UTR I

l Transcription
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.— —"
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Figure 1.9: Schematic representation of negative sense gene expression strategy. Negative
sense genomic RNA (VRNA) acts as a template for two distinct RNA synthesis activities carried
out by the viral polymerase: transcription and replication. The viral polymerase utilises a cellular
m’G capped primer for transcription of a positive sense mRNA containing the corresponding open
reading frame (ORF) under a start codon (AUG). Replication is primer independent and results in
generation of a full-length complementary copy of the viral genome, a positive sense anti-genomic

RNA (cRNA), which serves as template for generation of new genomic viral RNA copies (VRNA).

Bunyaviral mRNAs lack a 3 poly-A tail, a common feature of eukaryotic mRNAs
that greatly enhances translation efficiency. In the case of BUNV, complex stem-loop

secondary structure elements at the 3> mRNA end have been suggested to functionally
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replace the poly-A tail in a process where translation is enhanced, independently of
poly-A binding protein (PABP) [108]. This stem-loop displays both structural and
sequence similarities to the stem—loop present at the 3’ ends of histone mRNAs, which
are also poly-A-deficient, raising the possibility that BUNV may have hijacked a cellular
mechanism for poly-A-independent mRNA translation [92].

After primary transcription of viral mRNAs, the polymerase switches to VRNA
replication, generating full-length complementary copies of the viral genome (cRNA),
which are further used as a template to obtain genomic RNPs. The signals that initiate
this switch are poorly defined, but it is assumed that cytoplasmic NP abundance is critical
in this process as, in contrast to viral mRNA, newly synthesised cRNA is packed into
RNP complexes. The mechanism for de novo initiation is unknown, but it is thought
to require the formation of a duplex between the distal 3’ and 5’ ends. Initiation could
occur by direct positioning of the first 3° nucleotide in the polymerase active site, or by
a mechanism of internal initiation followed by realignment, similar to the one previously

described for the cap-dependent transcription initiation process [109].

Recent models for bunyaviral replication suggest that both the template and the
nascent RNA strands remain protected by NP throughout the course of the entire
replication process. During elongation, template RNA progressively dissociates from
the proximal NP and is translocated through the polymerase entrance tunnel. The RNA-
free NP then translocates to the exit tunnel, and binds the protruding RNA, so that no
free-RNA is exposed and no NPs need to be removed or added to the template RNP.
The nascent RNA copy is thought to be encapsidated by a free-polymerase and free-
NP molecules forming new RNPs [109]. For some members of the Bunyavirales order,
such as phleboviruses, the cRNA can also act as a template for mRNA transcription of

ambisense ORFs, and can be packed into virions [110].

Initiation of the replication process depends on inter-terminal complementarity with
no apparent sequence specificity, whereas transcription requires the presence of specific
nucleotides located at both ends of the RNA template [111, 112, 105]. Mini-genome
studies suggest that sequence-independent structural elements formed by inter-terminal
base pairing, and also the specific identity of both paired and unpaired nucleotides play a
role in promoter functionality for RNA synthesis [92]. Particular sequences in the UTRs
of the S, M and L segments specify the overall promoter strength of each segment. The
relative genomic promoter strength of the 3 nairoviral segments has been determined as

M>S>L using a HAZV mini-genome system [93].

The sub-cellular localisation of the cRNA and vVRNA forms during CCHFYV infection
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has been studied simultaneously with the localisation of the NP. CCHFV cRNA co-
localises to a large extent with the NP in the perinuclear area, while vVRNA presents a more
random distribution in the cytoplasm [113]. The reason for this differential distribution of
transcripts remains unclear, but may be related to their different roles within the CCHFV

replication cycle.

1.2.2.3 Virus assembly and egress

Bunyaviruses assemble and bud from perinuclear tubular viral factories that are built
around the Golgi complex [114, 115]. These factories are thought to physically combine
virus replication and assembly and involve the formation of tubular structures that anchor
cell organelles to the Golgi compartment [116, 114]. From these stacks, viruses bud into

secretory vesicles and are trafficked towards the plasma membrane.

The structural glycoprotein heterodimer Gn-Gc is synthesised in the endoplasmic
reticulum (ER) and subsequently post-transcriptionally processed in the membranes of
the Golgi complex. Virion formation is thought to occur when vRNPs traffic to the
Golgi membrane and interact with the cytoplasmic tails of the Gn-G¢ heterodimer,
which protrude into the cytoplasm [92]. A direct interaction between RNPs and the
Gn-Gc heterodimer has been proposed for orthonairoviruses, as they do not possess any
matrix proteins that can mediate this interaction. Nuclear magnetic resonance (NMR)
structural studies of the CCHFV Gy cytoplasmic tail revealed a pair of tightly arranged
BBo zinc fingers with the ability to bind VRNA. This observation suggests a possible
direct interaction between the Gy cytoplasmic tail and the RNA component of the RNPs,
although protein—protein interactions are also possible between Gy and the NP in the
RNPs [92, 117].

Transport of RNPs to the budding compartment requires intact actin filaments and
microtubules [102, 103]. Destabilisation of microtubules results in a redistribution of
both NP and Gy with a reduction of released virus, whereas stabilisation of microtubules
leads to accumulation of progeny virions in the cytoplasm, indicating a role for intact and
dynamic microtubules in CCHFV budding and egress [98]. Concentration of the major
structural proteins of the virus particle within the budding compartment results in virion
assembly and budding into secretory vesicles, in which they are trafficked towards the

plasma membrane [92].
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1.2.3 The L protein

The nairovirus L segment encodes for a single mRNA transcript of approximately
12 kb, which is translated into the L protein. The L protein of nairoviruses (~450
kDa) is considerably larger than the L proteins of other members of the Bunyavirales
order (~250 kDa). While the nairovirus L protein structure has not been solved
to date, cryo-EM structures of other members of the Bunyavirales order have been
recently elucidated, helping to better understand mechanistic insights into bunyavirus
RNA replication. These include near-atomic resolution structures of arenavirus (LASV
and Machupo virus [118]), phenuivirus (severe fever with thrombocytopenia syndrome

virus [119]) and peribunyavirus (LACV [120]) polymerases.

The most conserved region of the nairovirus L protein is the RdRp module,
responsible for its main function to transcribe and replicate genomic RNA segments.
Sequence analyses and in silico structural elucidation of the CCHFV polymerase module
have revealed a typical finger-palm-thumb sequence of subdomains (Figure 1.10). The
core catalytic domain of the L polymerase module contains six characteristic motifs
common to all negative sense sSRNA virus RdRps: Pre-A/F, A, B, C, D, and E [121].
Motif pre-A/F is present in all RdRp and reverse transcriptases. Motifs A, C and D are
predicted to be involved in binding of the nucleoside triphosphates (NTPs), while motifs

B and E are predicted to take part in template and/or primer positioning [122].
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Figure 1.10: Schematic representation of the nairovirus L protein. The N-terminal residues
of the nairovirus L proteins contain an ovarian tumour (OTU) cysteine protease, a topoisomerase-
like domain, a C2H2 zinc finger, an endonuclease domain (residues 587-895 in CCHFV L protein)
and a potential leucine zipper. The RARp module is formed by the canonical fingers-palm-thumb
sequence of subdomains. The function of the C-terminus is unknown and no conserved motifs

have been described for this region of the L protein.

The N-terminal residues of the nairovirus L proteins contain domains with non-
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classical L functions, such as the OTU cysteine protease, a topoisomerase-like domain
potentially involved in RNA structure modification, and a potential leucine zipper and
C2H2 zinc finger motifs important for binding of NP [123, 124]. The L protein
OTU domain presents both a deubiquitinase and deISGylase activity for the removal
of ubiquitin (Ub) and/or IFN-stimulated gene 15 (ISG15) moieties. These activities
participate in the suppression of the innate immune responses during viral infection,
antagonising the innate antiviral response. The deISGylase protease activity suppresses
the antiviral effects of ISG15, mediated through its ability to conjugate to target proteins.
The deubiquitinase activity interferes with immune pathways that are regulated by
ubiquitination [125]. The crystal structure of the CCHFV OTU domain bound to Ub
and ISG15 moieties demonstrates the capability of the OTU binding site to recognise
these two different substrates in a similar manner [126]. An additional auto-proteolytic
function of the viral OTU protease has been proposed for processing of the L protein.
However, a mini-genome study has shown that the OTU protease activity is dispensable
for virus RNA replication, suggesting that this domain is not required for the processing

of the L protein to generate an efficient RdRp [127].

A potential cap-snatching endonuclease domain has been suggested for CCHFV L
protein between the viral OTU and RdRp domains, by structural and sequence analogy
with other bunyaviral nucleases. Binding of metal ions and a known endonuclease
inhibitor, 2,4-dioxo-4-phenylbutanoic acid (DPBA), support the hypothesis for this
endonuclease site [128]. The position of this domain has been functionally proven using
a virus-like particle (VLP) system [129]. The endonuclease domain is predicted to be
located around amino acid D693, and the alanine-substitution mutant at this position
lacks the ability to transcribe mRNA but retains the ability to replicate the mini-genome
and assemble nucleocapsids that are packaged into virions. This residue is predicted
to form part of the endonuclease active centre and complex the two Mn?* ions that are
necessary for endonucleolytic cleavage of host mRNAs [129]. As for other members of
the Bunyavirales order, nairovirus L proteins contain a significant C-terminal region after
the RARp module with an unknown function. No cross-genera-conserved motifs have

been described for this region of the L protein [104].

1.2.4 The glycoprotein precursor (GPC)

The nairovirus M segment encodes for a single gene product of approximately Skb,
which encodes for a polyprotein denominated glycoprotein precursor (GPC). Intracellular
processing of the CCHFV GPC has been widely characterised, but the HAZV GPC shows
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remarkable differences at the amino acid level, and thus its processing might be different.
The CCHFV GPC is co- and post-translationally modified resulting in the mature viral
glycoproteins and other non-structural protein products (Figure 1.11). The CCHFV GPC
contains an N-terminal signal peptide directing its synthesis to the secretory pathway
[130]. Its synthesis starts in the ER, where the signal peptide is removed, the GPC is
N-glycosylated and the transmembrane domains span the ER membrane five times. Co-
translational cleavage by cellular signalases and intra-membrane cleaving proteases (I-
CLiPs) results in the 140-kDa PreGy (formed by the mucin-like domain (MLD), GP38,
and Gy), the NSy, and the 85-kDa PreG¢ [131, 132].

Nairovirus GPC processing

Signal
peptide YY \{ YY
[ MLD | GP38 | Gy || [lINSw[[ ProGc | Ge Il
t t t
ER SP/I-CLiP SP/I-CLiP
Pre Gy Pre G¢
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! g (RRLL) (RKPL)
GP160/85
[
oy YY Y Y Y {
MLD | GP38 | | Gy | | [ ProGe | | Gc I[]
t
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Figure 1.11: Schematic representation of the nairovirus GPC polyprotein processing. The
GPC polyprotein is synthesised in the ER where N-glycosylation occurs. Host signal peptidases
(SP) and/or intramembrane cleaving proteases (I-CLiPs) cleave GPC resulting in the 140-kDa
PreGy (formed by the mucin-like domain (MLD), GP38, and Gy), the NSy, and the 85-kDa
PreGc. These proteins traffic to the cis-Golgi where the MLD is O-glycosylated. PreGy is cleaved
at the RRLL motif by subtilisin kexin isozyme-1/site-1 protease (SKI-1/S1P) leading to GP160/85,
which is later cleaved at the RSKR motif by furin in the trans-Golgi network (TGN) into MLD
and GP38. PreGc is cleaved at the RKPL motif by a protease with similar specificity to SKI-1/S1P
(SKI-1/S1P-like) yielding the structural G¢ and the ProG¢ non-structural protein product.
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PreGy and PreGg are then transported to the Golgi complex where preGy mucin-like
domain is O-glycosylated. The interaction of PreGy with PreGc is essential for PreG¢ to
travel from ER to Golgi. The ectodomains of Gy and G¢ appear to be sufficient for
heterodimer formation and transport to the Golgi [96, 133]. PreGy is further cleaved at a
conserved RRLL motif by a host subtilisin kexin isozyme-1/site-1 protease (SKI-1/S1P)
to separate MLD/GP38 of either 160 or 85 kDa from Gy. Cells deficient in SKI-1/S1P
are susceptible to infection with CCHFV but infectious particles are not released by these
cells, suggesting the cleavage is essential for infectious virus release [132]. The structural
Gc glycoprotein and the ProG¢ non-structural protein product are cleaved from PreGe
early in the secretory pathway at the conserved RKPL motif, which closely resembles the
motif recognised by SKI-1/S1P, but the cellular protease involved in this cleavage remains
unidentified [132].

The MLD/GP38 product is further cleaved in the trans-Golgi network (TGN) at a
conserved RSKR motif by a furin-like protease in the late secretory pathway, resulting
in production of GP38 glycoprotein (38 kDa) and MLD [134]. The function of GP38
remains unknown. Its crystal structure has been recently elucidated, revealing distant
homology to the ectodomain of Gy, suggestive of a gene duplication event. The only
protective antibody for CCHFV in an adult mouse model reported to date binds GP38
with high affinity, suggesting an important antigenic role for GP38 [135]. The biological
function of MLD, GP85, GP160 and the NSy, protein products also remains unknown.
Transiently expressed NSy, in cells localises to the Golgi complex, suggesting its possible

contribution to retention of the glycoproteins to this cellular compartment [131].

1.2.5 The nucleoprotein (NP) and the non-structural S protein (NSg)

The S segment of nairoviruses involves overlapping coding regions in opposite
directions, and thus is considered to be an ambisense segment. The NP gene is encoded
in a negative sense, and the non-structural S protein (NSs) is encoded in a positive sense,
overlapping with NP. Very little is known about the function of NSg in nairoviruses.
Co-localisation studies show that CCHFV NSg is present in the mitochondria and over-
expression of NSg in mammalian cells induces apoptosis by disrupting the mitochondrial
membrane potential, suggesting a possible role in regulation of apoptosis during CCHFV

infection [136].

The NP of nairoviruses is significantly larger than the NP of most other Bunyavirales
order members, apart from members of the Hantaviridae family. NP is the most abundant

protein in virions, and functions primarily to encapsidate the VRNA and cRNA forming
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RNP complexes together with the L protein. Consistent with its structural role, CCHFV
NP has been shown to interact with the N- and C-terminal regions of the L protein and
to co-localise with tagged L protein in transfected cells [124]. vRNPs are used as a
template for all viral RNA synthesis activities. By encapsidating VRNA and cRNA, the
NP protects the viral genome from degradation, compacts the RNA and helps to avoid the
formation of RNA secondary structures that could potentially form between mRNAs and

the corresponding templates [137].

Several cellular partners of CCHFV NP have been described to date including
actin filaments, which target NP to perinuclear regions during infection [103], and other
cytoskeletal components such as tubulin and vimentin [138]. Interaction of CCHFV NP
with the IFN-induced myxovirus resistance protein 1 (MxA) has been also demonstrated
by co-immunoprecipitation and co-localisation assays. MxA is thought to play an anti-
viral role in CCHFV infection, binding and sequestering NP away from sites of active
virus replication. Over-expression of MXA in mammalian cells results in reduction of
viral replication [139]. The most abundant interacting partners of both HAZV NP and
CCHFV NP are members of the 70 kilodalton heat shock proteins (HSP70) family of
adenosine triphosphate (ATP)-dependent cellular chaperones. Reduction of active HSP70
levels in cells by small-molecule inhibitors impairs HAZV replication, demonstrating a

beneficial role for HSP70 in the nairovirus replication cycle [138].

1.2.5.1 The structure of CCHFV NP

The crystal structure of CCHFV NP has been determined using the sequence of viral
isolates from Iraq [140] (strain Baghdad-12) and China [141, 142] (strains YL04057 and
IbAr10200) at 2.1, 2.3 and 3.1 A resolution, respectively. CCHFV NP presents a structure
predominantly built of a-helices with two major domains: a globular core and an extended

arm.

The globular domain comprises 23 o-helices with an overall structure similar to
the NP of LASV, member of the Arenaviridae tamily. This similarity is supported
by the close phylogenetic relationship between the Arenaviridae and Nairoviridae
families, demonstrated by phylogenetic analysis of L and NP proteins of members of
the Bunyavirales order [140], and also by the fact that arenaviruses and nairoviruses share
aspects of their cellular biology that are unique within this order, such as their dependence

on cellular SKI-1/S1P protease to process their glycoprotein precursors [143].

The core of the CCHFV NP globular domain is comprised by C-terminal a-helices,

which are surrounded by o-helices from the N-terminus (Figures 1.12a, 1.12b). The
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core domain presents endonuclease activity for single stranded and double stranded
DNA (ss/dsDNA) but not for single stranded or double stranded RNA (ss/dsRNA)
[141]. Consistent with the structural similarities between LASV NP and CCHFV NP,
the endonuclease activity has also been described for LASV NP, although for dsRNA
rather than dsDNA, and it has been proposed this activity antagonises the host cell anti-
viral response [144]. The ss/dsDNA endonuclease activity of CCHFV NP is somewhat

surprising and its role within the replication cycle of CCHFV remains unknown.

The arm domain of CCHFV NP contains two long o-helices that are extended away
from the core, with an exposed loop at the apex supported by a small three-helix bundle
[140]. The arm domain is highly flexible and presents different positions in the different
crystal structures described, with a rotation of up to 120°. The arm is connected to the
body domain by a disordered linker region (residues 183-191), for which electron density
has been only described in one of all the chains available for CCHFV NP structures [145],
indicating a high flexibility in this region.

A caspase 3 recognition site has been described at the apex of the arm domain [145],
formed by a DEVD motif at residues 269 to 272 [140]. The cleavage of this recognition
site occurs at the late stages of the CCHFV infectious cycle, when the apoptotic pathway
is induced, but the functional relevance of this cleavage is currently unknown [146].
Interestingly, the cleavage by caspase 3 in vitro does not result in the dissociation of
the N- and C-terminal fragments, which remain associated probably by close contact of

helical structural elements within the core domain [140].

Although no crystal structure of a nairovirus NP in complex with RNA has been
solved to date, the structures of the different oligomeric states formed after crystallisation,
as well as the structures obtained from different viral strains, show a conformational
shift of the arm domain [147] (Figure 1.13). The flexibility of this domain suggests
a possible gating mechanism for RNA binding, similar to the one described for LASV
NP [140]. This mechanistic model proposes a controlled binding of the NP to RNA by
conformational changes. In the closed RNA-free form of the NP structure, the RNA-
binding cleft is not available to accept ssRNA. This could be the conformational state of
the RNA-free NP immediately after its synthesis in the host cells, which would prevent
it from binding host RNAs. To bind the viral genome, the C-terminal domain must shift
away from the RNA-binding cleft to allow RNA to enter and form the RNPs. The factor

that triggers this conformational change is still unknown [148].

The electrostatic surface potential of CCHFV NP reveals a continuous positively

charged region likely to be the binding site for RNA. Part of the positively charged region
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Figure 1.12: The structure of CCHFV and HAZV NP. (a) Schematic representation of the
nairovirus nucleoprotein sequence. The N-terminus (cyan) and C-terminus (magenta) of the
sequence form the globular domain. The central sequence corresponds to the arm domain (yellow)
and contains a conserved caspase cleavage site (orange). (b) Crystal structure of CCHFV NP
(PDB: 4AKL, N-terminus: residues 1-183, central sequence: residues 184-294, C-terminus:
residues 295-482). (c) Crystal structure of HAZV NP (PDB: 4XZE, N-terminus: residues 1-
188, central sequence: residues 189-300, C-terminus: residues 301-488). (d) Sequence alignment
of CCHFV (query) and HAZV (subject) NPs. The C-terminus core domain of the NPs is more
conserved (73% identity) than the solvent exposed N-terminus and arm domains (54% and 50%

identity, respectively). Images created using PyMOL.
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Globular domain Arm domain

Figure 1.13: Alignment of CCHFV NP crystal structures. Structural alignment of the globular
domains of CCHFV NP illustrates the variability of position of the arm domain in respect to the
globular body which does not alter conformation. Baghdad-12 (purple, PDB: 4AKL), IbAr10200
(yellow, PDB: 3U3]) and YL04057 (pink, PDB: 4AQF). Images created using PyMOL.

covers the surface of CCHFV NP adjacent to the arm domain and is termed the platform.
A second positively charged region, termed the crevice, forms a channel between the
base of the globular domain and the beginning of the arm domain [140] (Figure 1.14a).
The entire positively charged region comprises residues R45, K72, S149, H197, K222,
R225, K237, Q303, K336, R339, K342, K343, K345, R372, and K462 [149]. Residues
K132, Q300, and K411 have been shown to be essential for mini-genome replication,
and are also likely to play a role in RNA binding due to their charge characteristics and
specific location in the NP surface [140]. Two different modes of RNA-binding have
been described for CCHFV NP in vitro: a higher affinity binding mode (Kp ~ 50 nM) for
RNA molecules containing the S segment dsRNA panhandle structure and a lower affinity
binding mode (Kp ~ 120-150 nM) for ssRNA [150].

Structural analyses of CCHFV NP suggest its oligomerisation plays a role in its
RNA binding function. CCHFV NP appears as a monomer in the absence of RNA, but
different oligomeric forms of purified recombinant CCHFV NP have been described in
samples with high OD,40/ODyg ratios, suggesting these oligomers are bound to nucleic
acid (presumably RNA) of the expression host. The main oligomeric species observed by
EM in these samples is the pentameric form, but tetramers, hexamers and heptamers have
also been observed [149]. Crystallisation of these oligomeric forms potentially bound to
RNA has not been achieved but crystallisation of monomeric CCHFV NP results in higher
ordered structures that could just be the result of crystallographic packing artefacts, but
may also represent a physiologically relevant organisation of CCHFV NP [145]. The
interaction between monomers occurs in a head-tail manner and involves residues 320-
354 within the head domain of one molecule and residues 210-219 and 260-272 of the
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Platform

Crevice

Platform

Figure 1.14: Surface electrostatic potential of CCHFV NP and HAZV NP. Analysis of

the electrostatic surface potential of CCHFV NP (solvent-accessible molecular surface, (a)) and

HAZV NP (straight-up molecular surface, (b)) reveals areas of positive charge (blue) and negative

charge (red), and two possible RNA binding regions termed the platform and the crevice. Taken

from [140] and [151], respectively.
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arm of the adjacent molecule [145] (Figure 1.15a).

(b)

Figure 1.15: Head-tail interactions between CCHFV NP or HAZV NP monomers. The
crystal structures of CCHFV NP (a) and HAZV NP (b) show head-tail interactions between the
head domain of one molecule and the arm domain of the adjacent molecule. Head and tail residues

involved in the interaction are highlighted in grey. Images created using PyMOL.

There is no high-resolution structure of native RNPs from any of the members of
the Bunyavirales order. Native CCHFV RNPs have been vaguely observed by EM,
showing a flexible and disordered architecture [149]. They present a width that suggests
a wound helical structure rather than a “beads-on-a-string” conformation, but further
research needs to be done to determine the structural and oligomeric state of CCHFV
NP in biological conditions. Examination of the native form of nairoviral RNPs has been

addressed in this project.
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1.2.5.2 The structure of HAZV NP

HAZV NP has a similar overall structure to CCHFV NP, with their globular domains
superposing with an RMSD = 0.70 A and a 60% sequence identity. The HAZV NP
structure consists of a globular domain formed mostly of o-helices derived from both
the N- and C-termini, and an arm domain comprising two long a-helices [151] (Figure
1.12c). Residues 187-196 are missing in the electron density and are thought to form a
disordered loop that links the arm domain to the N terminus of the globular domain, in a

similar manner that occurs for the equivalent loop in CCHFV NP [151].

A DQVD caspase cleavage site positioned in the apex of the arm domain is also
present in HAZV NP, resembling the DEVD motif in CCHFV NP. Cleavage of HAZV
NP by caspase 3 has been demonstrated in mammalian cells, where HAZV infection
induces apoptosis and HAZV NP caspase cleavage [152]. Interestingly, HAZV infection
in tick cells fails to induce apoptosis, and caspase cleavage of HAZV NP is undetectable,
suggesting cleavage of the NP is not essential for completion of the virus infectious cycle
[152].

Analysis of the electrostatic surface potential of HAZV NP reveals a similar
positively charged region to CCHFV NP, also formed by a platform and a crevice,
potentially involved in its RNA binding function (Figure 1.14b). The oligomeric forms in
the crystal lattice also suggest a head-tail interaction between monomers analogous to the
model proposed for CCHFV NP [151] (Figure 1.15b).

1.2.6 Reverse genetics systems

Reverse genetics systems can be defined as tools for the generation and subsequent
replication and transcription of full-length virus RNA genomes or truncated viral genome
analogues from complementary DNA (cDNA) [153]. Different types of reverse genetics
systems have been developed to elucidate mechanisms of transcription, replication, and
particle assembly of CCHFV and HAZV, contributing considerably to improve our
understanding of their biology.

Full-length infectious clone systems allow for the generation of recombinant viruses,
whereas life cycle modelling systems such as mini-genomes and VLPs allow the study of
discrete parts of the virus cycle, including transcription, replication, translation, particle
budding and entry. Reverse genetics systems can be used to generate reporter viruses,
perform mutational analyses for the study of anti-viral drug efficacy or resistance, and

elucidate essential catalytic or structural residues. Table 1.1 summarises the currently
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available reverse genetics systems for CCHFV and HAZV, further described in this

section.
cDNA Helper proteins | Modelling capacities BSL
Mini-genome Truncated Genome replication BSL-1/
NP and L
[154, 140, 127] genome and secondary transcription BSL-2
Particle budding, release,
Truncated NP, GPC attachment, entry, BSL-1/
VLPs [129, 155]
genome and L (primary transcription [155]), BSL-2
CCHFV secondary transcription and replication
All steps of viral life cycle:
genome replication,
. Full-length o
Infectious clone [134] NPand L secondary transcription, BSL-4
genome . .
morphogenesis, budding,
entry, primary transcription
. Truncated Genome replication and BSL-1/
Mini-genome [93] NPand L
genome secondary transcription BSL-2
All steps of viral life cycle:
HAZV genome replication,
. Full-length o BSL-1/
Infectious clone [156] - secondary transcription,
genome . . BSL-2
morphogenesis, budding,
entry, primary transcription

Table 1.1: Reverse genetics systems available for CCHFV and HAZYV. Complementary
DNA (cDNA) used, helper proteins provided in trans, modelling capacities and biosafety level
(BSL) facility requirements for each system are indicated. NP: nucleoprotein, GPC: glycoprotein

precursor, L: L protein, VLP: virus-like particle.

1.2.6.1 CCHFY and HAZYV mini-genome systems

CCHFV and HAZV mini-genome systems [154, 140, 127, 93] are based on the use
of a truncated form of VRNA containing the viral UTRs of a genomic segment in which
the coding region has been replaced with a reporter gene [91]. cDNA of the mini-genome
sequences are cloned into expression vectors under the control of the cellular polymerase I
(pol I) [154] or the bacteriophage T7 DNA dependent RNA polymerase (T7 pol) promoter
[140, 127, 93]. If the system is under control of a T7 promoter, T7 pol can be expressed by
co-transfection of a T7 pol-encoding plasmid or by use of a stable T7 pol expression cell
line. T7 pol-based expression systems commonly include a hepatitis delta virus ribozyme
(HDV RZ) in the 3’ end of the RNA to generate a native 3’ terminus [153].

The NP and L proteins need to be provided either from expression plasmids or
by superinfection with virus. The pol I or T7 pol transcribe the mini-genome RNA,
which is encapsidated by the NP and the L protein into virus-like RNPs. These RNPs
serve as template for transcription and replication of the mini-genome RNA, resulting

in the production of mRNA and complementary RNPs (cRNPs). Translation of mRNA
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ultimately results in the generation of a reporter signal, and cRNPs are used for further
rounds of replication. The reporter signal provides a quantitative measure of genome
transcription and replication. Since mini-genome systems are non-infectious and do not
use full viral genomes, they can be handled under low biosafety level containments (BSL-

1 or BSL-2, depending on local regulations) [153].

1.2.6.2 CCHFYV VLP systems

CCHFV VLP systems have been developed to overcome some of the limitations of
mini-genome systems [129, 155] for which analysis is restricted to the formation and
activities of the RNPs. In contrast, VLP systems also allow interrogation of factors
involved in VLP formation, egress and subsequent entry into new cells. VLPs can
mimic a single cycle of infection but cannot establish a multi-cycle infection, making
it possible to work with these systems under low biosafety level containments (BSL-1
or BSL-2, depending on local regulations) [153]. VLPs are generated by co-expressing
three helper plasmids encoding the NP, GPC, and L proteins together with a mini-genome
plasmid, resulting in the incorporation of mini-genome RNPs into VLPs. Incubation of
VLPs with target cells results in entry and delivery of mini-genome RNPs. The RNP
complexes serve as templates for replication and transcription, which can be supported by
transient expression of NP and L helper plasmids, ultimately resulting in reporter activity
in the target cells. Reporter signal in the VLP producing cells reflects replication and
transcription, whereas reporter signal in the target cells is dependent on efficient budding
and release of VLPs by the producer cells and the subsequent entry, transcription and

replication of the VLPs in target cells.

Two different systems of CCHFV VLPs have been developed: one of them requires
transfection of the target cells with NP and L helper plasmids prior to incubation with the
VLPs [129], and the second one is able to generate a robust reporter signal in the target
cells without the need to previously express L and NP [155]. The main difference between
these two systems is that the first one does not reflect primary transcription, which by
definition is performed only by RNP components brought into target cells within virus

particles, whereas the second one does.

1.2.6.3 CCHFY and HAZYV infectious clone systems

CCHFV and HAZV infectious clone systems have been generated from DNA

plasmids containing the complete viral genome sequences under the control of a T7 pol
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promoter [134, 156]. Each of the three plasmids is transcribed by the T7 pol producing
cRNAs. The CCHFV rescue system utilises helper plasmids designed to produce NP
and L proteins, which are provided in trans to encapsidate the cRNAs [134]. In the
case of the HAZV rescue system, cRNAs could directly be translated into proteins that
encapsidate the cRNAs [156]. The encapsidated cRNPs are used as a replication template
for the production of vVRNA and viral mRNA. All viral components ultimately assemble
into particles resulting in a clonal population of infectious viruses capable of infecting
neighbouring cells and performing multiple infection cycles. Consequently, the CCHFV
infectious clone system must be used under BSL-4 facilities, whereas the HAZV system
can be handled using BSL-2 protocols [134, 156].

1.3 Protein-based scaffolds for high-affinity molecular

recognition

Molecules with high affinity and specificity for particular molecular targets are
widely used as tools for basic research, diagnostics and therapeutics. Molecular
recognition refers to the specific non-covalent interaction between two or more
molecules through non-covalent bonding such as hydrogen bonding, metal coordination,
hydrophobic forces, van der Waals forces, n-m interactions, halogen bonding, or
electrostatic interactions [157]. Different types of molecules, from metal ions and small
chemicals to large proteins and higher order protein complexes, whole cells, viruses, or

parasites can be involved in molecular recognition interactions.

For many years antibodies have been the binding reagent of choice due to their high
affinity binding capacity and their ability to be generated naturally by immunisation of
animals with the desired target. However, over the last decades several classes of nucleic
acid and small protein-based scaffolds have been developed to artificially generate specific
binders that function with micromolar to sub-picomolar dissociation constants, with the

aim to overcome some of the limitations of full-size antibodies.

Nucleic acid-based scaffolds, also known as aptamers, are 20-60 nucleotides
long ssRNA or ssDNA molecules folded into complex three-dimensional shapes,
forming binding pockets and clefts for the specific recognition of very diverse targets.
Aptamer selection is based on the process of systematic evolution of ligands by
exponential enrichment (SELEX). SELEX refers to a process of selection of ssDNAs or
ssSRNAs by repeated rounds of binding, partitioning, and amplification of combinatorial

oligonucleotide libraries [158]. Some of the main advantages of aptamers include their
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low cost of production, small size, high-stability, high variety of targets and their potential

chemical modification [159].

Protein-based scaffolds include full-size antibodies and a wide variety of artificial
scaffolds that have been developed using antibodies and other proteins present in nature as
reference templates or by de novo computational design. Protein-based artificial scaffolds
can be divided into two different groups depending on the origin of their structure:
antibody fragments and non-antibody protein scaffolds. The different types of antibodies
and protein-based artificial scaffolds available for molecular recognition are reviewed in

this section.

1.3.1 Antibody isotypes

Antibodies are the secreted form of immunoglobulins (Ig), which are essential
molecules for the animal adaptive immune response and are expressed only in jawed
vertebrates, including fish, amphibians, reptiles, birds, and mammals. Antibodies are Y-
shaped heterodimeric glycosylated proteins composed of two heavy (H) and two light
(L) chains [160]. In a small number of species, such as sharks and camels, antibodies
consisting only of heavy chains have been identified. Both heavy and light chains contain
an N-terminal variable (V) and one or more C-terminal constant (C) domains of 12-13
kDa, with variable regions forming the antigen binding sites. Light chains contain one

single constant domain, whereas heavy chains contain 3 or 4 of such domains [160].

Ig-antigen interactions typically take place between the paratope, defined as the site
on the Ig at which the antigen binds, and the epitope, which is the region of the antigen that
is bound. Individual determinants, termed idiotypes, are contained within the V domains
[161]. Common determinants specific for the constant portion of the antibody are termed
isotypes and allow grouping of Igs into recognised classes. These are responsible for
effector functions through interactions with a variety of receptors expressed on immune
cells [162]. There are 5 isotypes of soluble Igs or antibodies: IgG, IgM, IgA, IgD and IgE
(Figure 1.16).

IgG is the predominant Ig isotype in sera, accounting for 75% of serum Igs, and
presents the longest half-life. There are 4 different classes of IgG (IgG1, IgG2, 1gG3 and
IgG4) based on structural, antigenic and functional differences in the constant region of
their heavy chains [163]. IgG1 and IgG3 antibodies are generally induced in response
to protein antigens whereas IgG2 and 1gG4 are associated with polysaccharide antigens.

All of them are expressed in a monomeric form and participate in the secondary immune
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Figure 1.16: Immunoglobulin isotypes. Schematic representation of the five immunoglobulin
classes or isotypes in mammals. Mature IgG, IgE and IgA are monomeric, whereas secretory IgA
appears as a dimer associated with a joining (J) chain by disulphide bonds on the CH3; domains
and the secretory component, a polypeptide chain bonded to the CH, domain. Upon maturation
and antigenic stimulation, IgM units link to each other by disulfide bonds in the constant regions

forming pentameric or hexameric multimers that are secreted.

response, including neutralisation of toxins and viruses. All subtypes but I[gG4 contribute

to complement fixation [160].

IgGs can be purified from sera by affinity chromatography using bacterial protein
A or protein G. Protein A binds to human IgG1, IgG2 and IgG4 subtypes, whereas
protein G binds to the four subtypes. Due to the abundance of IgG in sera and its
capacity to modulate the immune response, it is the most commonly used Ig isotype
for research, therapeutics and diagnostic applications. All current marketed monoclonal
antibodies are of the IgG classes, mainly human IgG1, which binds to both activating and
inhibitory Fcy receptors (FcyRs), and is capable of eliciting pro-inflammatory cytokine
production, antibody-dependent cell-mediated cytotoxicity, antibody-dependent cellular

phagocytosis, and complement-dependent cytotoxicity [164].

1.3.2 Antibody fragments

Full-size antibodies can only be naturally produced against immunogenic antigens.
Their multi-domain nature and the presence of several disulphide bonds in their structure
make them relatively unstable and challenging to express and purify in quality. Their
unique structural features limit recombinant antibody expression to eukaryotic cell lines
in which the proper folding, cysteine oxidation, and post-translational glycosylation can

be achieved [165]. Furthermore, the large size of antibodies makes them difficult to
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genetically or chemically modify. In clinical applications, the large antibody dimensions
interfere with penetration into certain tissues and the high-cost of production makes
monoclonal antibody therapies unaccessible for many patients. In the case of diagnostic
applications, the constant domain can cause significant nonspecific binding interfering

with detection of the analyte of interest.

Multiple functions of antibodies are not always necessary, such as their ability to
recruit immune system cells, their bivalency or their high plasma half-life. The fragment
crystallizable (Fc) region of antibodies may be advantageous for many therapeutic
applications where an immune response needs to be induced, but it can also have
unfavourable effects. Such is the case of the antibody-dependent enhancement induced

upon infection by some viruses such as Dengue virus and ZIKV [166, 167].

However, the remarkable ability of antibodies to recognise antigens with high affinity
and specificity must be preserved in most applications. To overcome full-size antibody
disadvantages, most of them related to their structural properties and size, antibody
fragments and antibody mimetics have been designed. The first approach used to obtain
smaller-size molecules with antibody-binding properties was the cleavage of full-size
antibodies with proteases. This was followed by genetic engineering approaches that
allowed the production and optimisation of mono or multivalent antibody fragments
[168]. Some examples of commonly used antibody fragments are represented in Figure
1.17 and briefly described below.

Fab, Fab’, (Fab’),, and Fv. Cleavage of Igs with the protease papain results into
two antigen-binding fragments (Fab) fragments, each of which can bind an antigen, and a
single Fc fragment. The Fab contains one complete L chain and the V and CH, portion of
one H chain, and can be further divided into a variable fragment (Fv) composed of the VH
and VL domains, and a constant fragment (Fb) composed of the CL and CH; domains.
Pepsin splits IgG into an Fc fragment and a single dimeric F(ab’), with two antigen
binding regions linked by disulfide bonds. Reduction of F(ab’), fragments produces 2
monovalent Fab’ fragments, which contain a free sulfthydryl group that can be used for

conjugation to other molecules [168].

scFv, diabody, minibody and dAb. Genetic engineering methods allow the
production of single chain variable fragments (scFv), which are Fv type fragments
linked by an engineered flexible linker peptide [169]. Depending on the linker length,
these molecules can be associated with a second scFv generating bivalent diabodies,
or with more scFv molecules into triabodies or tetrabodies. Multivalent scFvs present

an increased binding affinity to their target antigens as a result of having two more
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Figure 1.17: Human and camelid IgGs and antibody fragments. (a) Schematic representation
of a human IgG. Light chain is represented in purple and heavy chain in blue. The different
subunits of the IgG are indicated: Fab, Fc, Fv, Variable (VL, light purple) and constant (CL, dark
purple) regions of light chains and variable (VH, light blue) and constant (CH;, CH,, CH3 and
CH,, dark blue) regions of heavy chains. (b) Schematic representation of a camelid IgG formed
only by heavy chains. The different subunits of the IgG are indicated: constant region subunits
(CH,, CHj3) form Fc and are represented in dark green, and variable heavy homodimers (VHH)
are represented in light green. (¢) Schematic representation of some of the most commonly used

antibody fragments and their corresponding size (kDa). Colour code is the same as in a) and b).

57



1.3. Protein-based scaffolds for high-affinity molecular recognition

target antigen binding sites, reducing the off-rate of the antibody fragment. Small scFv
fragments with two different variable domains can be generated to produce bispecific
bis-scFv fragments capable of binding two different epitopes concurrently [170]. scFvs
can be stabilised by an Fc region, forming scFv-Fc, or bound to CHj regions forming
scFv-CHj fusion proteins, known as minibodies, that assemble into bivalent dimers.
Domain antibodies (dAb) are fully human unpaired variable domains (either VH or VL),
which have been engineered to prevent dimerisation whilst maintaining the specificity and

affinity of a canonical antigen binding site [168].

Camelid and shark antibodies and nanobodies. Camelid and shark (squalidae)
species contain antibodies exclusively composed by H chain homodimers, lacking L
chains. The Fab portions of these antibodies, called variable heavy homodimers (VHH) in
camelids and variable new antigen receptor (VNAR) in sharks, are the smallest antigen-
binding regions naturally found. Nanobodies are VHH-derived recombinant domains
able to bind antigens, are very stable and can be easily produced in huge quantity by
using common simple protein expression systems such as bacteria. Nanobodies can be

engineered to form bivalent nanobodies and nanobody-human Fc chimeras [170].

Recombinant antibody fragments are small and generally non-glycosylated, allowing
their production in bacterial recombinant systems, which is faster and cheaper than
for full-size antibodies. Because of their small size, antibody fragments have the
ability to penetrate tissues, access challenging epitopes, and have potentially reduced
immunogenicity, which are important characteristics for therapeutic applications [171].
In vitro molecular evolution and selection techniques such as ’phage and ribosome display
combined with recombinant expression systems are commonly used for optimisation of
antibody properties. Modulation of binding characteristics, such as affinity and specificity
maturation of the variable regions, and solubility improvement of the constant domains,
has lead to antibody fragments with optimal properties for specific molecular recognition

applications [172].

1.3.3 Non-immunoglobulin protein-based scaffolds

With the rise of molecular engineering techniques, the concept of non-antibody
protein scaffolds was rapidly developed. New binding protein scaffolds are constantly
being created and commercialised using naturally occurring proteins or protein domains
as reference for their rational design. These molecules are commonly referred to as
antibody mimetics due to their ability to bind to antigens with affinities similar to

antibodies, but have no structural relation to them. Their simple structures consist of o-
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helices, 3-sheets, or random coils that can bind to specific targets. They are derived from
synthetic libraries that allow identification of binding reagents without the use of animals.
High yields can be produced in recombinant expression systems, and they present smaller
size (normally between 6 and 20 kDa) and higher stability than antibodies. Other
advantageous characteristics of antibody mimetics include higher solubility, resistance

to proteases, or stability toward higher temperatures and extreme pH [173].

Selection of antibody mimetics is normally performed using library screenings.
Libraries are designed by employing in silico methods and constructed via molecular
biology protocols. Site-directed or random mutagenesis strategies are commonly used to
mutate the residues involved in ligand binding and generate large libraries [173]. Once
the library is designed and constructed, the translated protein scaffolds are screened for
isolation of mutants with the desired properties. Some of the most commonly employed
display systems include ’phage display, ribosome display, mRNA display, yeast display,
and bacterial cell-surface display [174]. The purpose of these display platforms is to
establish a physical linkage between phenotype and genotype [174].

The in vitro nature of antibody mimetic design, selection, amplification and
purification presents several advantages compared to antibodies. [In vitro design and
selection bypasses the experimental use of animals, and permits selection of binders
against targets which would normally be challenging for conventional antibodies due to
their small size, toxicity or low immunogenicity. The process of selection typically takes
only a few weeks, whereas the development of antibodies is a time-consuming process
that normally takes several months. Protein display library screening technologies are
substantially less expensive, consume less material than in vivo development strategies
and thus enable low cost production with high yields and reproducible batch-to-batch
preparations [165].

The first antibody mimetic obtained from a combinatorial library was described in
1998 [175]. Thioredoxin 1 (TrxA), a modified E. coli enzyme, was used as scaffold for
the selection of affinity proteins binding cyclin-dependent protein kinase 2 (CDK-2) with
nanomolar affinities. Since then, numerous studies have reported the use of thioredoxin-
based antibody mimetics and, in the past two decades, the number of novel scaffolds
has been constantly growing. Some of the most commonly used protein scaffolds are

annotated in table 1.2 and their corresponding structures are presented in Figure 1.18.

Antibody mimetics have been exploited in biomedical research and biotechnology
applications, including affinity chromatography techniques, flow cytometry or western

blotting [176]. Their easy functionalisation and engineering permits the conjugation to
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fluorophores or enzymes which provide single step detection in ELISAs, dot-blots, or
immunohistochemical analyses, which normally involve two consequential steps if using
antibodies. Their conjugation to fluorophores has also promoted their use in the field
of imaging. Non-antibody reagents are small and thus penetrate tissues and can access
epitopes in densely packed sub-cellular structures of cells more readily than antibodies,
and can place the fluorophore closer to the target of interest, providing an increased spatial

resolution in ‘super-resolution” approaches [177].

Due to the high affinity that these molecules can present, they can also serve as
functional inhibitors or antagonists for biochemical research or in cell biology and have
been highly exploited in the area of therapeutics, some of them currently being tested
in clinical trials [173]. In some cases, these scaffolds are derived from human proteins,
and thus posses very low immunogenic potential. The therapeutic action of these small
molecules can be mediated by antagonising receptors by inhibition of their ligand binding
sites, binding to ligands to prevent their interaction with cognate receptors, or neutralising
toxins or other harmful or infectious agents. They can also be chemically conjugated to
drugs for their in vivo delivery and they can be easily combined with other scaffolds to

generate bispecific or oligomeric reagents [174].
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Figure 1.18: Structure of antibody mimetics scaffolds. 1. Affibody (PDB: 3MZW), 2. Affilin
(PDB: 2JDG), 3. Affimer (PDB: INBS, 4N6T), 4. Alphabody (PDB: 5mj3), 5. Anticalin (PDB:
4GHT7), 6. Atrimer (PDB: 3L.9J), 7. Avimer (PDB: 1AlJ), 8. Beta-hairpin mimetics (PDB: 2NS4),
9. Bicycle peptide (PDB: 3QN7), 10. Cys-knots (PDB: 1HYK), 11. DARpin (PDB: 4YDY), 12.
FN3 scaffold (PDB: 1FNF), 13. Fynomer (PDB: 1M27), 14. Knottin (PDB: 2IT7), 15. Kunitz
domain (PDB: 4BQD), 16. Nanofitins/Affitins (PDB: 4CJ2), 17. Repebody (PDB: 4UIP), 18.
Obodies (PDB: 4GLV). Images created using PyMOL.
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1.3.4 Affimer reagents

One aim of this project has focused on the production and characterisation of
Affimers as high-affinity binders for molecular recognition. This section reviews the

structure, selection and potential applications of Affimer reagents.

1.3.4.1 Structure and selection of Affimers

Affimer reagents are a class of non-antibody binding proteins that can be classified
as type I and type II based on their scaffold. Type I Affimer scaffold was first described
in 2010 based on the human stefin A protein [197, 198] and type II was published later in
2014, based on a consensus plant phytocystatin sequence [181]. Both types contain four
(-sheets and an a-helix with two variable loops presented between pairs of [3-sheets that

represent the target recognition sites.

Variable loops

- Scaffold

Figure 1.19: Representative crystal structure of an Affimer. Crystal structure of an Affimer
against p300 (PDB: 5A00). The Affimer scaffold, formed by an a-helix and 4 anti-parallel 3-sheets

is shown in orange and the two variable loops are shown in purple.

Affimers can be selected against diverse targets using large 'phage display libraries
based on bacteriophage M13 clones. Each clone of the library expresses a truncated form
of the gene 3 protein (g3p) attachment protein fused to an Affimer molecules harbouring
a particular pair of variable loops. Affimer libraries directly link each Affimer variant

(phenotype) to its cognate gene (genotype) through a discrete *phage particle [199].

Affimer ’phage display libraries are constructed using sequences encoding nine
random amino acids, excluding cysteine, which are introduced at loops 1 and 2 by codon-
selected semi-trinucleotide cassette synthesis. Gene splicing by overlap extension is then

used to introduce the variable loops into the Affimer scaffold, and the corresponding
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products are subcloned into phagemid vectors [200]. The resulting phagemid vectors
express a disulfide bond formation protein A (DsbA) secretion signal peptide, the Affimer
sequence containing variable loops and the C-terminal half of gene 3 of bacteriophage
M13, encoding for g3p attachment protein [181]. Affimer 'phage-display libraries are
estimated to contain 1.3 x 10'° independent clones. E. coli cells are electroporated with
the phagemid vectors and infected with a helper *phage that contains the complete M13
genome encoding all the *phage proteins needed for capsid production, phage assembly,
chromosome replication, and budding [199]. Upon infection, the g3p-Affimer fusion
protein is incorporated into the *phage and can be used for Affimer screening by ’phage

display selection.

1. Incubation of immobilized target with phage
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Figure 1.20: Affimers screening using ’phage display libraries. Schematic representation of
the Affimers screening process. Target molecule is immobilised in micro-wells or magnetic beads
and incubated with Affimer ’phage library (1). Non-bound phages are washed off (2), and bound
phages are eluted and amplified in bacterial cells for a consecutive panning round (3). After three
rounds of selection, individual phages displaying the selected binders are tested by ’phage ELISA
to confirm their ability to bind to the target antigen (4).

"Phage display is a high-throughput method performed by mixing an Affimer *phage

display library with purified target molecules, normally presented as immobilised antigens

64



1.3. Protein-based scaffolds for high-affinity molecular recognition

on solid surfaces by direct adsorption or by chemical modification of the antigen [199].
Biotin linkers are commonly used to immobilise the antigen on streptavidin or neutravidin
coated wells or beads. After binding and washing steps, phages bound to the target
molecule are eluted and amplified in E. coli cells infected with helper phages. Three
panning rounds of selection are commonly performed, and monoclonal phages displaying
the selected binders are tested by ’phage ELISA to confirm their ability to bind to
the target antigen. These clones are then sequenced, and Affimer coding regions are

subcloned into bacterial expression vectors for production of the selected binders [200].

1.3.4.2 Applications of Affimers

Affimer reagents have been raised against more than 350 different targets, ranging
from small molecules [201] to recombinant proteins [201, 181] or whole viruses [202],
most of them presenting affinities in the nanomolar range [201]. As a result, a broad
diversity of applications for Affimers as tools for research, diagnostics, imaging, and
potential for therapeutics can be found in the literature. Some examples of Affimer

applications are detailed in table 1.3 and reviewed in this section.

The high affinity and specificity of Affimers have promoted their use in basic
research and standard procedures of molecular biology. Transfection of plasmids
encoding Affimers for transient expression has been successfully used for exploration
of intracellular processes and signalling pathways [201], and modulation of function
of membrane-bound receptors and ion channels has been explored by incubation of
mammalian cells with recombinantly expressed Affimers [201]. Applications in standard
molecular biology techniques include ELISA, pull down affinity assays or western
blotting [201, 181, 202]. Affimers can be modified on their C-terminal cysteine, which
permits their chemical functionalisation. Biotin-malemide moieties are commonly used
for this purpose, allowing immobilisation of the binders into beads or surfaces for pull
down assays, or conjugation with enzymes such as streptavidin-horseradish peroxidase
(HRP) for ELISA or western blot analyses [201, 181].

C-terminal modifications of Affimers have also been successfully exploited for
imaging purposes in affinity histochemistry, cell imaging or super-resolution imaging
approaches, with examples in the literature of Affimer reagents conjugated to streptavidin-
HRP [201], streptavidin-Alexa Fluor [201] or DNA-PAINT [203], respectively.
Fluorescently labelled Affimers have also been used for in vivo imaging in mice, showing
rapid tissue penetration and stability [201]. Potential magnetic resonance imaging (MRI)

applications have been explored through trivalent chemical conjugation of Affimers

65



1.3. Protein-based scaffolds for high-affinity molecular recognition

with the MRI contrast agent gadolinium(IlI)-1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid (Gd-DOTA) [201].

In the field of biosensing, Affimers have been validated in surface plasmon resonance
(SPR) [204] and electrochemical biosensors [205, 206, 207] with sub-picomolar protein
detection. Affimers can be engineered in their C-terminal cysteine for a controlled
and oriented immobilisation on surfaces with high reproducibility, and their small size
means that more of these proteins can be packed into a particular surface compared with
antibodies [208].

Other applications of Affimers include shape controlled nanoparticle synthesis [209]
and detection and discrimination between very similar small molecules such as 2,4,6-
trinitrotoluene (TNT) and various dinitrotoluenes (DNT) [201]. The use of Affimers
for therapeutic purposes has not been yet fully investigated, but their small size, rapid
tissue penetration and high stability and solubility make them attractive candidates for

therapeutic applications [181, 210].

Application Example Reference
) ) ) Anti-vascular endothelial growth factor

Modulation of protein function [201]
receptor 2 (VEGFR2) Affimer

ELISA Anti-2,4,6-trinitrotoluene (TNT) Affimer [201]

. Anti-growth factor receptor-bound

Pull down affinity assay ) [201]

protein 2 (Grb2) Affimer
. Anti-yeast small ubiquitin-like modifier

Western blotting [181]
(SUMO) Affimer

Cell imaging Anti-turkey herpesvirus (HVT) Affimer [201]

Affinity histochemistry Anti-tenascin C Affimer [201]

Super-resolution microscopy Anti-actin Affimer [203]

In vivo imaging Anti-tenascin C Affimer [201]
Trivalent Gd-1,4,7,10-Tetraazacyclododecane-

MRI reagents [211]
1,4,7,10-tetraacetic acid (DOTA)

Biosensors Anti-myc Affimer [212]

Detection of small molecules Anti-TNT Affimer [201]

Magnetic nanoparticles Magnetite interacting Affimer [209]

Table 1.3: Examples of applications of Affimer reagents. Affimer reagents have been used in

diverse applications in the fields of basic research, imaging and biosensing among others.
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1.4 Project Aims

The work presented in this thesis forms part of the ’advanced diagnostics’ work
package of the MSCA-ITN HONOURs network on host switching pathogens, infectious
outbreaks and zoonosis. The main aim of this project was to contribute to preparedness
for potential outbreak scenarios with the development of diagnostic tools and performance

of structural and functional studies of emerging zoonotic viruses.

CCHFV is one of the most widespread medically important zoonotic arboviruses
and was selected as model example for this study, alongside with the closely-related
and non-pathogenic in humans HAZV. Nairovirus NPs are the most abundant proteins in
virions, and thus are optimal candidates as diagnostic targets. Furthermore, they perform
essential structural roles in virus replication, increasing the relevance of their structural
and functional studies. In this context, four main objectives were established for this

project:

1. Expression and purification of recombinant CCHFV and HAZV NPs, and
production of CCHFV NP-specific binders. Two different approaches were
established for this purpose: production of CCHFV NP-specific polyclonal
antibodies by a commercial company, and selection of CCHFV NP-specific Affimer

reagents by the BioScreening Technology Group (BSTG, University of Leeds).

2. Characterisation and validation of CCHFV NP-specific Affimer reagents using
biophysical and biochemical techniques, including pull down affinity precipitation

assays, surface plasmon resonance, circular dichroism and X-ray crystallography.

3. Development of diagnostic assays using CCHFV NP-specific antibodies and
Affimers. This objective was conceived as a collaboration with the company
INGENASA (Eurofins Ingenasa, Madrid, Spain), which forms part of the MSCA-
ITN HONOURS network, and was expected to provide the expertise and equipment
required for the development of ELISA and lateral flow assays.

4. Structural and functional analyses of nairoviral NPs using a reverse genetics system.
We aimed to investigate the incorporation of clonable tags in HAZV NP, for
structural and functional analyses of nairoviral NPs in the context of infectious

virus, using electron and fluorescence microscopy.

In summary, the focus of this project was on the production and characterisation of
CCHFV NP-specific binders for the development of diagnostic tools, and the performance

of structural and functional studies of nairoviral NPs using a reverse genetics system.
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Chapter 2

Materials and Methods

2.1 Materials

2.1.1 Bacterial strains

Bacterial strains used for cloning, site-directed mutagenesis (SDM), plasmid

maintenance and protein expression are detailed in Table 2.1.

Strain Genotype Used for
F- endAl glnV44 thi-1 recAl relAl gyrA96 deoR . o .
Cloning, site directed mutagenesis
DH5a nupG  ®80dlacZAMI15 A(lacZYA-argF)U169, ) )
and plasmid maintenance
hsdR17(rK- mK+), A—
Rosetta 2 | F- ompT hsdSB(rB- mB-) gal dem (DE3) ) )
Protein expression
(DE3) pRARE2 (CamR)
endAl gIinV44 thi-1 relAl gyrA96 recAl mcrB+
JM109 A(lac-proAB) el4- [F’ traD36 proAB+ laclq | Plasmid maintenance
lacZAM15] hsdR17(rK-mK+)

Table 2.1: Bacterial E. coli strains used in this project

2.1.2 Plasmids

Bacterial and mammalian expression plasmids are detailed in table 2.2. The

corresponding plasmid maps are illustrated in Appendix B.
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dIY-dN-PUY Y AWD | uorssardxa uerjewrurejy uey PCHA dA¥-dN-IPWUV-X VIND
SIHX9 J.1¥-0Wns-1seak-1oWyy AND | uorssaidxe uerewrwey uey OCHA dTI-OINNS-IseA-Towy)v-X VINd
dY-unoe-rwyjy AND | uorssaidxe uerewwey uey OCHA dTY-unoe-rowyv-XvNd
dIY-unoe-1owyy LL uorssaidxa [eno1oeg dwe PCHA dTy-unoe-rowyyy-e| 1-19d
dAN-1OWYV-OINNS-STHX9 LL uorssardxa eroroeg uey PCHA dN-1PWYIV-OINNS-Lad
SIYXQ-SAO-SIQWLYJY LL uorssa1dxa [eueoeg dwe OCHA sowyy-e|[-19d
uoIssdadxd JowyJy
SIHX9-¢-asedse)) LL uorssaidxa [ere)oeyg dure SHA SIH-¢-osedse)
dN AZVH-OINNS-STHX9 LL uorssardxa [eta)oeg uey PCHA dN AZVH-OWNS-14d
dN AdHDD-OINNS-STHX9 LL uorssardxa [etaloeg uey PCHA dN AdHDD-OINNS-LAd
uondnpoad JuBuIqUIOdNY
uoIssaxdxa | due)SIsat urexns
Pa3ssaIdxd duds) | JAjowold | [BLId)IBG/UBIBWWERIA | d0IqIUY [eLjeyg dwreu pruselq

uo1ssa.1dxa Judn)

uonedyidwe pruselq
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2.1.3 Mammalian cell lines

Mammalian cell lines, origin, and standard growth media are detailed in table 2.3.

Cell line | Origin Growth media
DMEM supplemented with 10% (v/v)
SW-13 Human adrenal cortex carcinoma fetal bovine serum (FBS), 100 U/mL

penicillin and 100 pg/mL streptomycin
Baby hamster kidney (BHK) fibroblasts | DMEM supplemented with 2.5% (v/v)
BSR-T7 | derived cell line stably expressing T7 | FBS, 100 U/mL penicillin and 100
RNA polymerase pg/mL streptomycin

Table 2.3: Mammalian cell lines used in this project.

2.1.4 Virus strains and recombinant virus

HAZV strain JC280 was used as reference for the production of recombinant WT
HAZV. The cRNA sequences of S, M and L segments from HAZV JC280 are available
from GenBank with accession numbers M86624.1, DQ813514.1 and DQO076419.1,
respectively. Recombinant HAZV (tHAZV) was rescued using the HAZV reverse

genetics system previously described [156].

2.1.5 Antibodies

Primary and secondary antibodies used for western blot (WB), lateral flow assays

(LFA) or immunofluorescence (IF) are detailed in table 2.4.

2.1.6 DNA and RNA oligonucleotides

Desalted DNA oligonucleotides were provided by Integrated DNA technologies
(IDT). Fluorescein (3°) labelled oligoribonucleotides were synthesised and HPLC purified
by Dharmacon Inc. DNA and RNA oligonucleotide sequences are detailed in tables 2.5
and 2.6, respectively.

2.1.7 Fluorescence in situ hybridisation (FISH) probes

Fluorescence in situ hybridisation (FISH) DNA probes were designed against the
anti-genomic (positive) strand of HAZV S segment RNA (NC_038711.1) excluding the 9
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Antibody Type Species | Label Source Used for (dilution (v/v))
Anti-CCHFV NP | Polyclonal IgG Rabbit - GenScript WB (1/5K), LFA
Anti-HAZV NP Polyclonal IgG Sheep - Alta Bioscience WB (1/3K), IF (1/500)
Anti-GAPDH Polyclonal IgG Mouse - Cell Signalling WB (1/5K)
Anti-biotin IgG Monoclonal IgG | Mouse - Operon LFA

Anti-Rabbit IgG Polyclonal IgG Donkey | HRP Abcam WB (1/10K)

Anti-His tag Monoclonal IgG | Mouse HRP Abcam WB (1/1000)
Anti-His tag Monoclonal IgG | Mouse Alexa Fluor 647 | Thermo Fisher WB (1/500)
Anti-caspase 3 Monoclonal IgG | Rabbit - Cell Signalling WB (1/1000)
Anti-Golgi 58K Monoclonal IgG | Mouse - Insight Biotech. IF (1/200)
Anti-Mouse IgG Polyclonal IgG Donkey | IRDye 680CW LI-COR Biosciences | WB (1/15K)
Anti-Goat IgG Polyclonal IgG Donkey | IRDye 800CW LI-COR Biosciences | WB (1/15K)
Anti-Rabbit IgG Polyclonal IgG Donkey | IRDye 800CW LI-COR Biosciences | WB (1/15K)
Anti-Goat IgG Polyclonal 1gG Donkey | Alexa Fluor 594 | Invitrogen IF (1/500)
Anti-Mouse IgG Polyclonal 1gG Donkey | Alexa Fluor 488 | Invitrogen IF (1/500)

Table 2.4: Antibodies. Antibody type, species, label, source and dilution of use are indicated.

WB: western blot, LFA: lateral flow assay, IF: immunofluorescence.

Oligo Name ‘ Sequence (5°-3”)

Affimers

Affimer-forward ATGGCTAGCAACTCCCTGGAAATCGAAG

Affimer-reverse-Cys TTACTAATGCGGCCGCACAAGCGTCACCAACCGGTTTG

pCM V-reverse-Notl TTACTAATGCGGCCGCACAAGCGTCACCAACCGGTTTG

RFP-reverse TTTTGAGCTCTCAGTTCAGTTTGTGACCCAGTTTG

HAZYV resQ primers

HAZV-NP-His-forward CACCACCACTAGGATTGCGGCTAGGTT

HAZV-NP-His-reverse ATGATGATGGATGATGTTGATGTTGGTGG

HAZV-resQ-NP-HindIII-forward GGTTAAGCTTGATTGCGGCTAGGTTCA

HAZV-resQ-EcoRI-reverse CCAGAATTCCCGATGATGTTGATGTTGGTGG

ATATAGGGAATTCTGGAGGTCGTGACCACATGGTCCTTCATGAGTATGTAAATGCT

EcoRI-eGFP-311-HindIII-forward
GCCGGTA

TATATAAGCTTAGGTGATACCGGCAGCATTTACATACTCATGAAGGACCATGTGGT

EcoRI-eGFP-311-HindlIII-reverse
CACGACCTCCAGAATTCCCTATAT

NP-C-terminus-forward GTTTGCTGATAACGA

5’UTR-reverse TCTCAAAGATATCGTTG

CCHEFYV replicon

CCHFV-Sseg-Forward-Notl AGCTAGCGGCCGCTTTGCTAACACTCAAGAGAAC

CCHFV-Sseg-reverse-Nhel CATGCTAGCTAGCTTACTTGTACAGCTCGTCCAT

eGFP-Forward-Nhel CATGCTAGCTTACTTGTACAGCTCGTCCAT

eGFP-Reverse-Notl AGCTAGCGGCCGCATGGTGAGCAAGGGCG

CCHFV-NP-sup-forward-His CAC CAC CAC CAC CAC CAC

CCHFV-NP-sup-reverse-His GAT GAT GTT GGC GCT GGT G

Table 2.5: DNA oligonucleotides.

Oligo Name | Sequence (5°-3%) Label
27-mer RNA | UCGCUAAAAAUUUUCCUAUUAACAGUU 3’-fluorescein
48-mer RNA | AGUAGUGUACUCCACACUACAAACUUGCUAUUGUUGAAAAUCGCUGUG 3’-fluorescein

Table 2.6: RNA oligonucleotides.
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terminal nucleotides of the untranslated regions (UTRs) using Stellaris Probe Designer
version 4.2 (LGC Biosearch Technologies). The Stellaris Probe Designer software
provided 68 oligonucleotide probe sequences that were 18 nucleotides in length with
a minimum spacing of 2 nucleotides. Probes were assessed using NCBI Nucleotide
Blast against hamster transcriptome (Mesocricetus auratus, taxID: 10036) and against
the sequences of the M and L HAZV RNA segments (NC_038710.1 and NC_038709.1,

respectively). Probes with 80% or more nucleotides complementarity to non-target RNAs

were removed. A final set of 25 Stellaris FISH Probes recognising (+)RNA HAZV S

segment labelled with Quasar 670 were purchased from Biosearch Technologies, Inc.,

Petaluma, CA. Sequences are detailed in table 2.7.

Probe set: positive_sense

Reporter dye: Quasar 570

Probe name Probe sequence (5’->3)
positive_sense_1 TGTGTTGGCAGTGAACCT
positive_sense_2 TTATAGTTGAGGACTGCC
positive_sense_3 CATCATCGGGACTGGTGA
positive_sense_4 TCCAAGCTCGGACATTCT
positive_sense_5 GCAAACAGTTCAATGAGC
positive_sense_6 TTTTCTGTCCCTTGGGGT
positive_sense_7 CTAATCCCGTGGCCAAGA
positive_sense_8 TGCACCAGTCAAGATGCT
positive_sense_9 CATCATCGGAGCCACCGT
positive_sense_10 | CGAATCATATCGCTGAGC
positive_sense_11 | GGAGAAGCCGACATCCTT
positive_sense_12 | GGTATGCCAGTAATGCCT
positive_sense_13 | TTGGTAGTTGGCATCCCA
positive_sense_14 | GTCGAACCATTCCAGACC
positive_sense_15 | ATTGTCCGTGCTGGCTAG
positive_sense_16 | GAGGAATTTCGGCACAAA
positive_sense_17 | GCTGATGTTGTGAGGCGA
positive_sense_18 | AGAAAAACAGCAGTAGAG
positive_sense_19 | TTGGATCTCAAAGAGGCT
positive_sense 20 | TTGAGAGGGGTGTTGATG
positive_sense 21 | GGCGTTCGACTGCTTTGC
positive_sense 22 | CACCCCTTTTAGGAGGTC
positive_sense 23 | AGTTGTGCAATGCTTGCC
positive_sense 24 | CCCCTCTAGCTCAACCAG
positive_sense_25 | TACTGGTGTACTCCCCAA

Table 2.7: FISH probes against positive strand of HAZYV S segment RNA.

2.1.8 Microscopes

For transmission electron microscopy, a FEI Tecnai T12 located in the University of

Leeds was used, operating with a LaBg¢ electron source, a voltage of 120 keV and a Gatan
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US4000/SP detector with a charge coupled device (CCD) photon detector camera.

For fluorescence microscopy, a Zeiss LSM700 inverted microscope, a Zeiss LSM880

upright microscope, and a Zeiss LSM880 Airyscan inverted microscope were used.

2.2 Manipulation of recombinant DNA

2.2.1 Plasmid DNA amplification and isolation

Glycerol stocks or single colonies were used to inoculate overnight cultures of
appropriate volume in Luria-Bertani (LB) medium containing antibiotics and DNA was
isolated using Plasmid Midiprep or Miniprep kits (Qiagen) according to manufacturer’s
instructions. These two methods are based on the alkaline-lysis method. Midipreps
were performed by first binding the plasmid DNA to a silica-based resin under low-salt
and pH conditions. After removal of impurities by a medium-salt wash, plasmid DNA
was eluted in a high-salt buffer and was desalted by isopropanol precipitation. In the
case of minipreps, adsorption of DNA onto silica was done in the presence of high salt.
After washing, the DNA was eluted in low-salt buffer. Purified DNA was quantified by
spectrophotometry using a NanoDrop 1000 (Thermo Scientific).

2.2.2 Polymerase chain reaction (PCR)

Polymerase chain reactions (PCRs) were performed in 25 pL total volume and
contained 12.5 pL of Q5 High-Fidelity 2X Master Mix (NEB), 1.25 uL of each forward
and reverse primers (10 uM) and up to 1 pg of template DNA. Reaction cycles were
performed in a thermocycler (Eppendorf) according to the manufacturer’s instructions
and products were isolated and purified by agarose gel electrophoresis (see section 2.2.4)

followed by gel extraction (see section 2.2.5).

2.2.3 DNA restriction digest

Restriction enzyme digests were performed on plasmid DNA for subcloning
purposes. Reactions contained 1 ug of DNA, 1X compatible NEBuffer (NEB) and 10
units of each enzyme in a 50 pL total volume. Digestions were carried out at 37°C for 1
h. Digestion products were purified by gel extraction (see section 2.2.5) after agarose gel

electrophoresis (see section 2.2.4).
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2.2.4 Agarose gel electrophoresis

Size and integrity of plasmid DNA, PCR products and restriction digests was
determined using 1% (w/v) agarose gels. Gels were made using 0.5 g of agarose
(VWR) in 50 mL 1X Tris-acetate-EDTA (TAE) buffer (40 mM Tris-acetate, 1 mM
ethylenediaminetetraacetic acid (EDTA)) and 1:10,000 SYBR Safe DNA Gel Stain (Life
Technologies). Samples were mixed with 5x DNA loading dye (Bioline) to a 1X final
concentration, and run on gels at 110 V for 1 h in 1X TAE buffer alongside a molecular
marker, Hyperladder I or 1kb DNA ladder (Bioline). DNA was visualised using a Safe
Imager blue light transilluminator (Invitrogen). Images were taken with an InGenius
LHR Gel Imaging System (Syngene) and were visualised using the GeneSnap software

(Syngene).

2.2.5 DNA gel extraction

DNA was extracted from agarose gels after electrophoresis using Monarch DNA Gel
Extraction Kit (NEB) according to the manufacturer’s instructions. DNA fragments were
excised from the gel using a scalpel and were dissolved to be further purified using DNA
binding columns. DNA was quantified by spectrophotometry using a NanoDrop 1000
(Thermo Scientific).

2.2.6 DNA clean up

DNA clean up was performed using Monarch PCR and DNA Cleanup Kit (NEB)
according to the manufacturer’s instructions. The kit is based on a bind/wash/elute
workflow using DNA binding columns. DNA was quantified by spectrophotometry using
a NanoDrop 1000 (Thermo Scientific).

2.2.7 Ligations

Ligations were performed in 20 uL total volume containing 1X Ligase Reaction
Buffer (Life Technologies), 4:1 molar ratio of insert:vector DNA and 1 unit of T4 DNA
ligase (Life Technologies). Reactions were incubated at room temperature (RT) overnight

and then transformed into DH5a E. coli cells.
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2.2.8 Site-directed mutagenesis (SDM)

Q5 SDM Kit (NEB) was used according to the manufacturer’s instructions. Briefly,
an exponential amplification (PCR) of the DNA was performed using Q5 Hot start High-
fidelity 2X Master Mix, followed by a kinase, ligase and Dpnl (KLD) Treatment at RT

for 5 min. Resulting DNA was transformed into competent bacterial cells.

2.2.9 Sequencing

Purified DNA samples were submitted to GENEWIZ for sequencing by the Sanger

sequencing method.

2.3 Bacterial manipulation

2.3.1 Bacterial transformation

DH5a or Rosetta 2 (DE3) E. coli cells were transformed with the specified plasmids
for plasmid amplification or protein expression, respectively. Cells were thawed on ice
and 1 pL of plasmid DNA containing 5-90 ng was added to 50 pL of cells. Transformation
mixes were incubated on ice for 30 min, heat shocked at 42°C for 42 s, and cooled on ice
for 2 min. Cells were mixed with 450 pL of SOC media and were incubated at 37°C
for 1 h with shaking. Transformed bacteria were spread onto antibiotic-containing LB
agar plates and incubated at 37°C overnight. Single colonies were picked from plates and
bacterial cultures were grown in LB media containing appropriate antibiotic overnight at
37°C.

2.3.2 Generation of glycerol stocks

Overnight bacterial cultures were centrifuged for 30 min at 2,000 xg and 4°C. LB
media was removed and pellets were resuspended in 60% (v/v) glycerol in LB. Glycerol

stocks were stored at -80°C until needed.
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2.4 Analysis of proteins

2.4.1 Protein quantification

Protein concentration was estimated by spectrophotometry using a NanoDrop
1000 (Thermo Scientific) and the theorical extinction coefficient of the corresponding

molecules (See Appendix A).

2.4.2 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

5 mL SDS-PAGE gels were made with 12 or 15% (v/v) acrylamide resolving gel
(4 or 5 mL 30% (v/v) acrylamide:bis-acrylamide (29:1), 2.5 mL 1.5 M Tris-HCI pH 8.8,
3.3 or 2.3 mL double-distilled water (ddH,0O), 100 uL. 10% (v/v) sodium dodecyl sulfate
(SDS), 100 uL. 10% (w/v) ammonium persulphate (APS), 10 uL. TEMED) and 5% (v/v)
acrylamide stacking gel (0.83 mL 30% (v/v) acrylamide, 0.63 mL 1 M Tris-HCI pH 6.8,
3.4 mL ddH,0, 50 pL 10% (v/v) SDS, 50 uL 10% (w/v) APS, 5 uL TEMED). Protein
samples were mixed 1:1 with 4 x lithium dodecyl sulfate (LDS) sample buffer (Invitrogen)
containing Coomassie G250 and Phenol Red as tracking dyes, and 50 mM dithiothreitol
(DTT) reducing agent. Samples were denatured by heating at 95°C for 5 min and loaded
next to 3 uL. of color prestained protein standard, broad range (NEB). Electrophoresis was
performed in SDS running buffer (25 mM Tris base, 192 mM glycine, 0.1% (v/v) SDS)
at 180 V for 1 h. Proteins were visualised using Coomassie staining (section 2.4.3) or

western blotting (section 2.4.4).

2.4.3 Coomassie staining

Proteins resolved by SDS-PAGE were fixed in 40% (v/v) ethanol and 10% (v/v)
acetic acid for 30 min at RT. Gels were then washed in ddH,O prior to overnight staining
with 15 mL of Coomasie Brilliant blue. A stock solution was prepared by dissolving 1
g of Coomassie brilliant blue (G-250, Thermo Scientific) in 5 mL of ddH,0O and 100 g
of ammonium sulphate in 800 mL of ddH,O, overnight. 20 g of phosphoric acid and
the dissolved Coomasie stain were added to the ammonium sulphate mixture and volume
was increased to 1 L. A working solution was prepared by mixing 80% (v/v) Coomassie
brilliant blue stock solution with 20% (v/v) methanol. Gels were destained in 1% (v/v)

acetic acid for 1 h at RT.
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2.4.4 Western blotting (WB)

Proteins were transferred from SDS-PAGE gels to polyvinylidene fluoride (PVDF)
membranes (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. Membranes were blocked overnight at 4°C in 50% (v/v) Odyssey blocking
buffer (LiCor) in PBS (10 mM Na,HPO,, 2 mM KH,PO,, 137 mM NaCl, 2.7 mM
KCI). Blocking buffer was then replaced with primary antibodies diluted in blocking
buffer (25% (v/v) in PBS) and membranes incubated for 1 h at RT. Membranes were
subsequently washed 3x in PBS for 10 min, then incubated with secondary antibodies.
After 3x additional washes in PBS, secondary antibodies were directly visualised using a

LiCor Odyssey Sa Infrared imaging system (LiCor) and Image Studio 4.0 software.

2.5 Expression and purification of recombinant proteins

2.5.1 CCHFYV NP and HAZV NP expression and purification

Rosetta 2 (DE3) E. coli cells were transformed with pET-SUMO CCHFV NP or
pET-SUMO HAZV NP plasmids and glycerol stocks were generated and stored at -
80°C. Small scale starter cultures were grown overnight from stabs of glycerol stocks
in 50 mL LB medium supplemented with kanamycin (50 pg/mL) at 37°C. 20 mL starter
cultures were used to inoculate 1 L LB medium containing kanamycin (50 pg/mL). Cell
cultures were grown at 37°C until optical density (OD) at 600 nm reached 0.6 - 0.8 Au.
Expression of 6xHis-SUMO-CCHFV NP or 6xHis-SUMO-HAZV NP was induced by
addition of Isopropyl 3-D-1-thiogalactopyranoside (IPTG) to a final concentration of 500
uM. Induced cultures were incubated at 18°C for 16 h.

Bacterial cells were harvested by centrifugation at 4,000 xg at 4°C for 45 min using
an SLC-6000 rotor (Sorvall). Pellets were resuspended in lysis buffer (500 mM NaCl,
20 mM Tris-HCI pH 7.4, 20 mM imidazole, 0.1% (v/v) Triton X-100, 1 mM MgCl,,
1 mg/mL lysozyme from chicken egg white (Sigma Aldrich), Halt Protease Inhibitor
Cocktail (1X), 1 U DNase I/1 L culture, 1 U RNase/1 L culture). 20 mL of lysis buffer
were used to lyse the pellet from 1 L of bacterial culture. Pellet was resuspended and left
on ice for 30 min. Cell lysis was completed by sonication using a Soniprep 150 sonicator.
Sonication was carried out on ice at 10 um amplitude for 30 cycles, each cycle consisting
of 10 s on and 20 s off. Soluble and insoluble fractions were separated by centrifugation
at 45,000 xg for 30 min at 4°C.
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2.5.1.1 Ni**-NTA affinity chromatography

5 mL of Super Ni>*-NTA Agarose resin (Generon) were used per 4 L of induced
culture and placed in a 50 mL column. Resin was washed with ddH,O to remove the
20% (v/v) ethanol in which it is stored. Ni>*-NTA resin was equilibrated with binding
buffer (500 mM NaCl, 20 mM Tris-HCI pH 7.4, 20 mM imidazole) immediately prior
to applying the soluble bacterial lysate. The flow-through was collected and the resin
washed with binding buffer with increasing concentrations of imidazole. For HAZV NP,
a high-salt wash was performed before high imidazole elution, using high-salt washing
buffer (2 M NaCl, 20 mM Tris-HCI pH 7.4, 20 mM imidazole). 6xHis-SUMO-CCHFV
NP or 6xHis-SUMO-HAZV NP were eluted from the resin with elution buffer (300 mM
or 500 mM imidazole, respectively, 500 mM NaCl, 20 mM Tris-HCI pH 7.4).

The elution fractions were analysed by SDS-PAGE followed by Coomassie staining
to check the presence of the protein of interest and were subjected to dialysis in order
to remove excess imidazole for SUMO-protease efficiency. 6xHis-SUMO ubiquitin-like
specific protease 1 (Ulpl) was produced in-house. The total protein concentration of the
elution fractions was estimated by spectrophotometry using a NanoDrop 1000 (Thermo
Scientific). 0.5 mg of 6xHis-SUMO Ulp1 protease were added for every 10 mg of eluted
6xHis-SUMO-CCHFV NP or 6xHis-SUMO-HAZV NP. The mixture was decanted into
10k molecular weight cut-off (MWCO) dialysis tubing (Thermo Scientific) and placed
in 5 L of dialysis buffer (500 mM NaCl and 20 mM Tris pH 7.4) for 16 h at 4°C on a

magnetic stirrer.

After cleavage and dialysis of pooled eluted fractions, a second Ni**-NTA affinity
chromatography was performed. Flow-through containing the protein of interest was
collected. 6xHis-SUMO cleavage products and 6xHis-SUMO Ulpl protease remained

bound in the column and were eluted with elution buffer for further analysis.

2.5.1.2 Size exclusion chromatography

Protein sample was concentrated to 5 mL using centrifugal filters (Amicon Ultra
15 10k MWCO regenerated cellulose) and injected onto an equilibrated Hil.oad 26/600
Superdex 75 pg (GE Healthcare) using an Akta prime at 0.5 mL/min. Size exclusion
chromatography was performed at 4°C and 3 mL fractions were collected after void
volume (110 mL). The purity of protein in eluted fractions was analysed by SDS-PAGE
followed by Coomassie staining. Pure protein was then concentrated using Amicon

Ultra 15 Ultracel 10K Regenerated Cellulose concentrators, mixed with glycerol to a
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final concentration of 5% (v/v) and stored at -80°C or lyophilised as described in section
2.5.1.3.

2.5.1.3 Lyophilisation of protein samples

Some of the purified CCHFV NP samples were lyophilised overnight at -80°C under
vacuum using an AdVantage 2.0 BenchTop freeze dryer / lyophilizer (SP Scientific).

2.5.2 Caspase 3 expression and purification
2.5.2.1 Ni**-NTA affinity chromatography

Caspase 3-His was expressed from a plasmid encoding the full-length protein fused
to a C-terminal 6xHis tag (pET21b caspase 3, Addgene #90087). Protein expression was
induced in the E. coli strain Rosetta 2 (DE3) using 200 uM IPTG at 30°C for 4 h. Cells
were harvested by centrifugation and proteins were extracted by resuspension in lysis
buffer (50 mM Tris-HCI pH 8, 100 mM NacCl, 1% (v/v) Triton X-100, 1 mg/mL chicken
egg white lysozyme (Sigma Aldrich), 1 unit (U) DNase and 1 U RNase). Cell lysates
were then clarified by centrifugation at 18,000 xg for 30 min at 4°C and supernatant
was applied to Ni**-NTA resin that had been pre-equilibrated in binding buffer (100 mM
NaCl, 50 mM Tris-HCI pH 8.0, 20 mM imidazole). Unbound fraction was collected and
resin was washed with binding buffer and, subsequently, with washing buffer (500 mM
NaCl, 50 mM Tris-HCI pH 8.0, 50 mM imidazole). Elution buffer (100 mM NaCl, 50
mM Tris-HCI pH 8.0, 200 mM imidazole) was used to dissociate 6xHis-caspase 3 from
resin. Fractions containing purified caspase 3 were pooled and concentrated to 1 mg/mL.

All fractions were analysed by SDS-PAGE and Coomassie staining.

2.5.3 Invitro caspase 3 cleavage assay

Different ratios of caspase 3 protease and CCHFV NP or HAZV NP were added
to 1.5 mL micro-centrifuge tubes to a total of 10 pg of protein in 20 pL. Caspase
3 digestion buffer (2X) (20 mM piperazine-N,N’-bis(2-hydroxypropanesulfonic acid)
(PIPES) pH 7.2, 200 mM NaCl, 20% (w/v) sucrose, 0.2% (w/v) 3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate (CHAPS), 2 mM EDTA and 20 mM DTT) was
added to reach the desired total volume of 40 pL. Reaction mixtures were incubated
overnight at RT and NP cleavage was analysed by SDS-PAGE (section 2.4.2) and western
blot analysis (section 2.4.4).
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2.6 Generation of CCHFV NP-specific polyclonal

antibodies

Recombinantly expressed and purified CCHFV NP was used for the generation of
polyclonal antibodies. Lyophilised protein was sent to Genscript (USA), for inoculation
of two rabbits. The immunisation schedule consisted on a primary immunisation plus
three boosts every two weeks. Three months after primary immunisation, the production
bleed was carried out. A protein A affinity purification step was carried out by Genscript

to further purify the polyclonal IgGs from the serum of the rabbits.

2.7 Affimers production

Affimers screening was performed by the BSTG (University of Leeds) as previously
described [200]. Purified CCHFV NP was provided and 3 panning rounds of 'phage
display were performed against the biotinylated protein attached to streptavidin coated
micro-wells (1*' and 3™ selection rounds) or to streptavidin coated magnetic beads (2™
selection round). After propagation of individual ‘phages, biotinylated CCHFV NP was
immobilised onto neutravidin coated plates that were washed and incubated with medium
containing individual ‘phages. Results from the corresponding ‘phage ELISA and Affimer
ORF sequences of the unique binders were supplied by BSTG in a phagemid vector. The
second panning round hits from the screening were also used for a screening using HAZV
NP as target, with the aim of obtaining CCHFV and HAZV NP cross-reactive Affimer
hits.

2.7.1 Affimers subcloning into pET-11a bacterial expression vector

ORFs of the Affimers were amplified from the phagemid vector by PCR (section
2.2.2) using Adhiron-foward and Adhiron-reverse primers (section 2.1.6). Corresponding
PCR products and pET-11a expression vector were digested with Nhel and Notl restriction
enzymes. After purification of digested inserts and vector, a ligation was performed
and the resulting products were transformed into DHSa E. coli cells. Single colonies
were picked from transformation plates and grown in starter cultures containing LB with
carbenicillin (100 ug/mL). DNA was isolated using Miniprep kits (Qiagen) and quantified
by spectrophotometry using a NanoDrop 1000 (Thermo Scientific). Purified DNA was

sent for sequencing (Genewiz, UK) to check the success of the ligations.
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2.7.2 Affimers expression and batch Ni**-NTA affinity

chromatography purification

Rosetta 2 (DE3) E. coli cells were transformed with pET-11a vectors containing the
different ORFs of the Affimers. 1 mL of starter cultures was used to inoculate 50 mL of
LB medium containing carbenicilin (100 pg/mL). Cell cultures were grown at 37°C until
OD at 600 nm reached 0.6 - 0.8 Au. Expression of 8xHis-Cys-Affimers was induced by
addition of IPTG to a final concentration of 100 uM. Induced cultures were incubated at
25°C for 6 h. Cells were harvested by centrifugation at 4,500 xg at 4°C for 20 min using a
Thermo Scientific Heraeus Megafuge 16R centrifuge. Supernatant was removed and cell
pellet was stored at -80°C until ready for purification. Pellets were resuspended in lysis
buffer (50 mM NaH,PO,, 300 mM NaCl, 20 mM imidazole, 10% (v/v) glycerol, pH 7.4,
0.1 mg/mL lysozyme from chicken egg white (Sigma Aldrich), Halt Protease Inhibitor
Cocktail (1X) (Thermo Scientific), Benzonase Nuclease (Novagen) (10 U/mL), Triton X-
100 2% (v/v)). 1 mL of lysis buffer was used to lyse the pellet from 50 mL of bacterial
culture. Pellet was resuspended and left on a rotor for 20 min at RT. Non-specific proteins
were heat denatured by incubating the samples at 50°C for 20 min. Soluble and insoluble

fractions were separated by centrifugation at 4,800 xg for 20 min.

300 uL of Super Ni%*-NTA agarose resin (Generon) were equilibrated with 1 mL
of lysis buffer in a micro-centrifuge tube. After centrifugation at 1,000 xg for 1 min,
supernatant was removed and soluble fraction was added to the resin. After 1 h of
incubation at RT on a rotor, the mixed solution was centrifuged at 1,000 xg for 1 min
to sediment the Affimer-bound resin. Wash buffer (50 mM NaH,PO,, 500 mM NaCl,
20 mM imidazole, pH 7.4) was used to wash the resin until A280 of eluted samples was
<0.09 Au. Resin was resuspended in 500 pL of elution buffer (50 mM NaH,PO, pH 7.4,
500 mM NaCl, 300 mM imidazole, 10% (v/v) glycerol). After 5 min of incubation on a
rotor at RT, resin was sedimented by centrifugation at 1,000 xg for 1 min. Supernatant
containing the purified Affimer was stored in 40% (v/v) glycerol at -80°C or immediately

biotinylated as described in section 2.7.3.

2.7.3 Biotinylation of Affimers

Biotinylation of Affimers was performed immediately after their purification. Before
starting the biotinylation process, immobilised Tris(2-carboxyethyl)phosphine (TCEP)
disulphide reducing gel (Thermo Scientific) was used to reduce any possible Affimer

disulphide bonds. 150 uL of immobilised TCEP disulphide reducing gel were washed

82



2.7. Affimers production

3x with PBS containing 1 mM EDTA. 4 pL of PBS containing 50 mM EDTA and 150
uL of 0.5 mg/mL purified Affimer were added to the immobilised TCEP disulphide
reducing gel. The mixture was incubated for 1 h at RT on a rotor and then centrifuged
at 1,000 xg for 1 min. Supernatant containing reduced Affimers was recovered. For
biotin labelling, 6 uL of biotin maleimide in DMSO (5 mg/mL) was immediately added to
reduced Affimers and incubated at RT for 2 h. Zepa spin desalting columns (7K MWCO,
Thermo Scientific) were used to remove any free biotin according to the manufacturer’s

instructions. Biotinylation was confirmed by ELISA as described in section 2.7.4.

2.7.4 ELISA to check biotinylation

Serial dilutions of the biotinylated Affimer in PBS were added to Nunc-Immuno
MaxiSorp strips (Thermo Scientific) and incubated overnight at 4°C. After 3x washes with
PBS-T, 250 uL of 10X blocking buffer were added per well and incubated at 37°C for 3 h.
3x additional washes were done with PBS-T and Streptavidin-HRP in 2X blocking buffer
was added. After incubation for 1 h at RT on a vibrating platform shaker, 6x washes with
PBS-T were done. 50 uL of 3,3°,5,5°- tetramethylbenzidine (TMB) (SeramunBlau fast
TMB/substrate solution, Seramun) were added per well and absorbance was measured at
620 nm after 5 min with a plate reader (TECAN).

2.7.5 Large scale expression and purification of Affimer-NP

Affimer-NP ORF was amplified from phagemid vector by PCR and was subcloned
into a pET-SUMO bacterial expression vector (pET-SUMO-Affimer-NP) using BamH1
and Xhol restriction sites. Rosetta 2 (DE3) E. coli cells were transformed with pET-
SUMO-Affimer-NP. 20 mL of starter cultures were used to inoculate 1 L. of LB medium
containing kanamycin (50 mg/mL). Cell cultures were grown at 37°C until OD at 600 nm
reached 0.6-0.8 Au. Expression of 6xHis-SUMO-Affimer-NP was induced by addition of
IPTG to a final concentration of 500 mM. Induced cultures were incubated at 18°C for 16

h.

Bacterial cells were harvested by centrifugation at 4,000 xg for 45 min at 4°C using
an SLC-6000 rotor (Sorvall). Pellets were resuspended in lysis buffer (500 mM NaCl,
50 mM NaH,PO, pH 7.4, 20 mM imidazole, 0.1% (v/v) Triton X-100, 1 mM MgCl,,
1 mg/mL lysozyme from chicken egg white (Sigma Aldrich), Halt Protease Inhibitor
Cocktail (1X), 1 U DNase I/1 L culture and 1 U RNase). Cell lysis was completed

by sonication using a Soniprep 150 sonicator, and soluble and insoluble fractions were
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separated by centrifugation at 45,000 xg for 30 min at 4°C.

2.7.5.1 Ni**-NTA affinity chromatography

A first Ni?*-NTA affinity chromatography was performed, using 5 mL of Super Ni**-
NTA Agarose resin (Generon) in a 50 mL column. Resin was equilibrated with binding
buffer (500 mM NaCl, 50 mM NaH,PO, pH 7.4, 20 mM imidazole) immediately prior to
applying the soluble bacterial lysate. Flow-through was collected and resin was washed
with binding buffer with increasing concentrations of imidazole, after which 6xHis-
SUMO-Affimer-NP was eluted from resin with elution buffer (500 mM NaCl, 50 mM
NaH,PO, pH 7.4, and 300 mM imidazole).

Elution fractions were subjected to dialysis in order to remove excess imidazole for
increased SUMO-protease cleavage efficiency. A total of 0.5 mg of 6xHis-SUMO Ulpl
protease produced in-house was added for every 10 mg of eluted 6xHis-SUMO-Affimer-
NP. The mixture was decanted into 10 kDa MWCO dialysis tubing (Thermo Scientific)
and placed in 5 L of dialysis buffer (500 mM NaCl, 50 mM NaH,PO, pH 7.4) for 16 h at

4°C on a magnetic stirrer.

After cleavage and dialysis of pooled eluted fractions, a second Ni**-NTA affinity
chromatography was performed. Flow-through containing Affimer-NP was collected.
6xHis-SUMO cleavage product and 6xHis-SUMO Ulp1 protease remained bound in the

column and were eluted with elution buffer for further analysis.

2.7.5.2 Size exclusion chromatography

Sample containing Affimer-NP was concentrated to 5 mL using centrifugal filters
(Amicon Ultra 15 10 kDa MWCO regenerated cellulose) and was injected into an
equilibrated HiLoad 26/600 Superdex 75 pg (GE Healthcare) column using an Akta prime
at 0.5 mL/min. Size exclusion chromatography was performed at 4°C and 3 mL fractions
were collected. The purity of Affimer-NP in eluted fractions was analysed by SDS-PAGE
and Coomassie staining. Pure Affimer-NP was then concentrated using Amicon Ultra 15

Ultracel 10 kDa MWCO Regenerated Cellulose concentrators.

2.7.6 Purification of Affimer-NP and CCHFV NP complex

For complex purification, concentrated Affimer-NP and CCHFV NP were mixed and
injected onto an equilibrated HiLoad 26/600 Superdex 75 pg (GE Healthcare) column
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using an Akta prime at a flow rate of 0.5 mL/min. Size exclusion chromatography was
performed at 4°C and 3 mL fractions were collected. The purity of the complex in eluted
fractions was analysed by SDS-PAGE followed by Coomassie staining. Pure Affimer-NP
and CCHFV NP complex was then concentrated using Amicon Ultra 15 Ultracel 10 kDa

MWCO regenerated cellulose concentrators.

2.8 Characterisation of proteins and protein-protein

interactions

2.8.1 Pull down affinity precipitation (AP) assays

Dynabeads MyOne Streptavidin T1 (Thermo Fisher) were washed and blocked
overnight with 2x blocking buffer (Casein Blocking Buffer 10x, Sigma-Aldrich) in PBS-
T. After washing the beads with PBS-T, they were incubated with 2 ug of biotinylated
Affimer for 1 h at RT on a rotor. Beads were washed with PBS-T and 10 pg of the
target molecule and pull down assays were performed using an automated KingFisher
Flex System (Thermo Fisher). The program consisted in 3x washes with washing buffer
(PBS-T) and elution of beads in running buffer (40 uL per sample). Samples were boiled
for 5 min at 95°C, spun down 5 min at 11,000 xg and left on a magnetic rack for 2 min
to remove the magnetic beads. Analysis of samples was done by western blot (section
24.4).

2.8.2 Circular Dichroism (CD)

CCHFV NP, HAZV NP, Affimer-NP and CCHFV NP + Affimer-NP complex
samples were dialysed overnight in PBS using a Pur-A-Lyzer Mini Dialysis Kit, Mini
6000, capacity 10-250 uL, MWCO 6-8 kDa (Sigma, Cat. No. PURN60100-1KT) at 4°C.
Protein samples were diluted to 0.2 mg/mL and were transferred to 1 mm path-length
quartz cuvettes. Circular dichroism (CD) analyses and thermal melts were performed in a
Chirascan Plus Spectometer (Applied Photophysics) monitoring ellipticity at 190-260 nm
at temperatures ranging from 20°C to 90°C in 1°C intervals at 1°C/min. Elipticity values
(mdeg) were normalised to mean molar ellipticity per residue (MRE) using the following

equation:
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MRE (deg xem? elpiticity (mdeg)
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where n is the number of residues of the protein.

2.8.3 Surface Plasmon Resonance (SPR)

Surface plasmon resonance (SPR) analyses were done using a Biacore 3000 (GE
Healthcare Life Sciences). Biotinylated Affimer-NP and Affimer-myo were immobilised
on flow cells 2 and 3 of a Sensor Chip SA (GE Healthcare Life Sciences) via streptavidin-
biotin interaction and flow cell 1 was left empty as a reference surface. For immobilisation
of biotinylated Affimers, they were diluted in PBS to a final concentration of 100 nM and
were injected into their respective flow cells at a flow rate of 5 pL./min until surface density
reached 100 response units (RU). Injection of CCHFV NP and HAZV NP diluted in PBS

at different concentrations was done at a flow rate of 20 pL/min for 120 s.

BIAevaluation software was used for double-referencing analysis, subtracting flow
cell 1 and buffer only reference injections from each sensogram. Affinity and kinetic

constants were calculated using a Langmuir 1:1 binding model.

2.8.4 X-ray crystallography

For crystallisation experiments, Affimer-NP and CCHFV NP complex was
concentrated to 10 mg/mL. Crystal trials were performed using a high-throughput sitting
drop experimental set up with an NT8 LCP drop setter (Formulatrix). The Joint Centre
for Structural Genomics (JCSG) core suite was used for selection of crystallisation
conditions mixing 1:1 or 2:1 ratios of protein:mother liquor volumes. Crystal growth was
monitored using Rock Maker protein crystal visualisation software, imaging visible light,
two-photon excited ultraviolet fluorescence (UV-TPEF) and second-harmonic generation
(SHQG). Crystals were obtained at RT from a 1:1 (v/v) ratio of protein to reservoir solution
containing 0.2 M NH,CH;CO, (Salt), 0.1 M CH3;COONa 4.6 pH (Buffer) and 30% (w/v)
PEG 4K (Precipitant). For vitrification, crystals were cryo-protected by transfer to a

solution of mother liquor containing 25% (v/v) glycerol.
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Diffraction data were collected at Diamond Light Source beamline 104. Structure of
the complex was solved at 2.84 A resolution by molecular replacement using previously
published models of the Adhiron scaffold (PDB: 4n6u) and CCHFV NP (PDB: 4akl) with
Phaser. Model-building and refinement were performed using Coot and Phenix, and data
extraction was done with PDB _extract. The final structure was deposited in the Protein
Data Bank (PDB) under accession number 6z0o. Interface residues between Affimer-NP
loops and CCHFV NP were quantitated using Chimera and PDBePISA.

2.8.5 Fluorescence anisotropy (FA) assays

For direct binding fluorescence anisotropy assays, 15 uL of RNA binding buffer (100
mM NaCl, 10 mM Tris-HCI 7.5, 0.01% (v/v) Triton X-100) were added to each well of
a black 384-well optiplate (Perkin Elmer). 30 uL of CCHFV NP were added to the first
well and were subjected to 2 in 3 serial dilutions. 15 L. of 5 nM 3’-fluorescein (F1) RNA
(27-mer or 48-mer RNAs, section 2.1.6) were then added to each well, obtaining a final
concentration of 2.5 nM FI-RNA per well. Reactions were incubated at RT for 30 min
and fluorescence polarisation was measured using a Spark 10M multimode plate reader
(Tecan) with excitation and emission filters selected at 485 nm (20 nm bandwidth) and
535 nm (25 nm bandwidth) wavelengths, respectively. Anisotropy values were calculated
from raw emission values for parallel and perpendicular signals using the following

equations:

Intensity = (2 x I)+ 11 (2.2)
IT—(Ix1

Anisotropy = & (2.3)
ntensity

where I = perpendicular signal and II = parallel signal.

Anisotropy values were plotted using GraphPad Prism and fitted to a nonlinear
regression curve in order to obtain the Kp affinity values of CCHFV NP for different
RNA oligonucleotides. For competition fluorescence anisotropy assays, 15 uL of RNA
binding buffer were added to each well of a black 384-well optiplate (Perkin Elmer). 30
uL of Affimer-NP or negative control Affimer-myo were then subjected to 2 in 3 serial
dilutions, after which 15 pL. of 5 nM 3’-F1 RNA (27-mer or 48-mer) mixed with CCHFV
NP were added to each well, obtaining a final concentration of 2.5 nM FI-RNA per well.

Reactions were incubated at RT for 30 min and fluorescence polarisation was measured
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as previously described. Anisotropy values were plotted using GraphPad Prism and fitted

to a nonlinear regression curve to obtain the ICs, values.

2.8.6 Effect of Affimer-NP in CCHFY replication
2.8.6.1 Plasmid design

Briefly, the CCHFV S segment replicon was generated using the strain Baghdad-
12 (GenBank accession number: AJ538196.1) as reference. Support plasmids (pC-
NP and pC-L) expressing CCHFV NP and L proteins were generated by inserting the
corresponding cDNA sequences from strain Baghdad-12 (GenBank accession numbers:
CADG61342.1 and AY947890.1, respectively) cDNAs downstream of the T7 pol promoter
and a cDNA representing the internal ribosome entry site (IRES) of encephalomyocarditis
virus (EMCV). The S segment cDNA sequence was incorporated within a plasmid
vector flanked by the bacteriophage T7 pol promoter and hepatitis delta virus ribozyme
(HDV RZ), and orientated for the expression of viral sense RNA. The S segment major
open reading frame (ORF) was initially replaced by a cDNA representing the firefly
luciferase ORF, but this sequence was replaced by the enhanced green fluorescence
protein (eGFP) ORF to generate pC-SsegUTRs-eGFP expressing eGFP as reporter signal
of CCHFV-specific replication. Plasmid backbone containing the Sseg UTRs and eGFP
ORF were amplified by PCR using primers CCHFV-Sseg-Forward-Notl, CCHFV-Sseg-
reverse-Nhel, eGFP-Forward-Nhel and eGFP-Reverse-Notl (see section 2.1.6). The
eGFP ORF was subcloned into Sseg UTRs backbone using restriction enzyme digestion

and ligation to generate pC-SsegUTRs-eGFP.

The Affimer-NP OREF fused to the red fluorescence protein (RFP) ORF was amplified
by PCR from pET-11a-Affimer-actin-RFP obtained from the BSTG using Affimer-
forward and RFP-reverse primers (Section 2.1.6). PCR products were purified and
subcloned into a pMAXcloning mammalian expression vector designed for protein
expression under the human cytomegalovirus (CMV) promoter using Sacl and Xbal
restriction sites, resulting in pMAX-Affimer-actin-RFP. Affimer-NP and Affimer-YS
ORFs were amplified by PCR using Affimer-forward and Affimer-reverse-Cys primers
(section 2.1.6) and subcloned into pMAX-Affimer-actin-RFP to replace Affimer-actin
OREF for Affimer-NP or Affimer-YS ORFs using Nhel and Xhol restriction sites, resulting
in pMAX-Affimer-NP-RFP and pMAX-Affimer-YS-RFP, respectively.
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2.8.6.2 Live cell imaging of Affimers and CCHFYV replicon

BSR-T7 cells were seeded in 12-well plates 1 day prior to transfection at a density
of 10° cells per well. Cells were transfected with 450 ng pC-L, 150 ng pC-NP, 150 ng
pC-SsegUTRs-eGFP and increasing concentrations of pMAX-Affimer-NP or a negative
control pMAX-Affimer-YS-RFP plasmid. TransIT-LT1 Transfection Reagent (Mirus Bio)
was used as transfection reagent in a 2.5:1 ratio of TransIT-LT1 (uL) : DNA (ug) according
to the manufacturer’s instructions. At 6 h post-transfection (hpt) media was replaced
with DMEM supplemented with 2.5% (v/v) FBS, 100 U/mL penicillin and 100 ug/mL
streptomycin. Phase contrast, and green and red fluorescence were monitored using an
IncuCyte Live Cell analysis system. Quantification of green and red unit counts per well

was done using the IncuCyte ZOOM software 2018.

2.9 Colorimetric diagnostic assays

2.9.1 Enzyme-linked immunoassays (ELISASs)

96-well high-binding, clear plates (Sigma-Aldrich) were coated overnight at 4°C
with 1 pg of Affimer-NP diluted in 100 uL. carbonate buffer (50 mM NaHCO3/Na,COs,
pH 9.6). Affimer-NP was removed and plates were blocked with 150 pL. of ELISA
stabilising solution (Surmodics) for 1 h. Plates were then washed 3x with PBS-T and
incubated with 100 uL of sample to be tested (buffer or animal/human sera spiked with
recombinant NPs at indicated concentrations) for 1 h. After 3x washes with PBS-T,
plates were incubated with a primary antibody (CCHFV NP-specific polyclonal rabbit
IgG) diluted in PBS-T for 1 h. Plates were then washed 3x with PBS-T and incubated
with 100 pL of secondary antibody (goat anti-rabbit polyclonal IgG-HRP) for 1 h. After
3x washes with PBS-T, plates were incubated with 100 pL. of TMB Enhanced K-Blue
Substrate (Neogen) for 10 min. Oxidation of TMB was stopped with 100 pL of stop
solution (0.5 M sulfuric acid). OD at 450 nm was measured with a SpectraMax M5

(Molecular Devices) plate reader using SoftMax Pro 5.2 software.

2.9.2 Lateral flow assays (LFAs)

The LFA test to detect CCHFV NP was based on the use of different coloured
carboxyl-modified latex microspheres, which were covalently linked to either CCHFV

NP-specific rabbit polyclonal IgGs, Affimer-NP or biotin-BSA. For the test line, CCHFV
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NP-specific rabbit polyclonal IgGs or Affimer-NP were conjugated to red latex particles
(Ikerlat, 300 nm particle size) and for the control line, BSA-biotin was conjugated to
blue latex particles (Ikerlat, 260 nm particle size). For the test line in the nitrocellulose
membrane, purified Affimer-NP or CCHFV NP-specific rabbit polyclonal IgGs were

dispensed, and for the control line anti-biotin mouse IgG were dispensed.

2.9.2.1 Functionalisation of latex beads

Latex beads were washed in MES 10 mM pH 6, and were centrifuged at 11,000 xg
for 15 min. Supernatant was removed and beads were resuspended in the same buffer.
Size of the beads was measured by dynamic light scattering (DLS) using a Zetasizer
Nano S system (Malvern) and, if necessary, sonified at 15% amplitude using a SFX250
digital sonifier (Branson). Latex beads were then activated using EDC (1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride) and NHS (N-hydroxysuccinimide).
Beads were centrifuged at 11,000 xg for 15 min, supernatant was removed, and beads
were resuspended in MES 10 mM pH 6.0.

The proteins of interest (CCHFV NP-specific rabbit polyclonal IgGs, Affimer-NP or
biotin-BSA) were diluted in the same buffer, beads were added drop-wise to the protein
solution and were incubated for 2 h at RT. Conjugation was stopped by adding 500
mM imidazole and beads were washed with 0.1% (v/v) Tween-20. After centrifugation,

supernatant was removed and the size of the beads was again measured by DLS.

Blue and red functionalised latex beads were mixed at different ratios and were
diluted in Tris-HCI1 25 mM pH 9.5 buffer. Mixture was dispensed onto a rayon conjugate
pad 25 mm (Operon), using a Matrix 1600 dispensing module (Kinematic Automation,
Inc.). Conjugate pad was incubated 30 min in a MMUFE 500 universal oven model
(Memmert) at 45°C.

2.9.2.2 Membrane dispensation

For the test line, Affimer-NP or CCHFV NP-specific rabbit polyclonal IgGs were
diluted at different concentrations in buffer Tris-HCI 20 mM (pH 8.5 or 7.5, respectively),
containing 5.0% (w/v) sucrose and 0.095% (w/v) sodium azide as preservative. Anti-
biotin control IgG monoclonal antibody, used as control line capture reagent, was diluted
at 1 mg/mL in the same buffer (pH 7.5). Both test and control capture reagents were
dispensed in two parallel lines on nitrocellulose membrane at 1 pL/cm. Dispensed

membranes were dried for 5 min in a MMUFE 500 universal oven model (Memmert)
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at 45°C.

2.9.2.3 Assembly of LFAs

A master card was assembled on a 72 mm plastic backing card with adhesive
(Kenosha) as follows: HiFlow Plus Nitrocellulose Membrane (HF120) (Millipore), the
conjugate pad (Operon, Ltd) and a 25 mm absorbent pad (Ahlstrom, Ltd) were pasted
and covered with a 65 mm transparent adhesive protector film (Lohmann, The Bonding
Engineers). The master card was then cut to 4.2 mm width strips using a Matrix 2360

machine (Kinematic Automation).

2.9.2.4 LFA sample testing

Different procedures and buffers (detailed in table 2.8) were tested for sample
application optimisation. Sequential or simultaneous addition of sample and buffer were
tested. 10 min after sample application, results were annotated. For quantitative results,
ESEQuant Lateral Flow reader (Qiagen) was used to convert the colorimetric signal in
the test line into a 2D peak profile plot. Peak height (mV) was classified as positive, low

positive, doubtful or negative.

LFA running buffer | Composition

TDM-36 250 mM Tris-HCI pH 7.2, 1 M NaCl, 1% (v/v) Tween-20, 1% (w/v) BSA,
0.095% (w/v) azide

TDM-42 250 mM Tris-HCI pH 7.5, 150 mM NaCl, 1% (v/v) Tween-20, 1% (w/v) casein,
0.095% (w/v) azide

TDM-45 250 mM Tris-HCI1 pH 7.5, 150 mM NaCl, 1.5% (v/v) Tween-20, 1% (w/v)
casein, 0.095% (w/v) azide

Table 2.8: LFA running buffers tested.

2.10 HAZV reverse genetics system

2.10.1 Plasmid design: C-terminal tagged HAZYV S segment

Generation of a plasmid expressing a complementary copy of the HAZV S segment
with a 6xHis tag in the C-terminal region of HAZV NP ORF (pMK-RQ-S-6xHis) was
achieved by molecular biology techniques starting from the previously described HAZV
S segment plasmid (pMK-RQ-S) [156]. A 6xHis tag was inserted between the last codon
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of the HAZV NP ORF and its stop codon using HAZV-NP-his-forward and HAZV-NP-
his-reverse primers (section 2.1.6) and a Q5 SDM Kit according to the manufacturer’s
instructions. DNA products were transformed into DHSw E. coli cells for amplification,
DNA was purified and pMK-RQ-S-6xHis sequence was confirmed by Sanger sequencing

(Genewiz).

Generation of a plasmid expressing HAZV NP and eGFP-$11 separated by a 5
aa linker region (pMK-RQ-S-eGFP-311) was achieved by molecular biology techniques
starting from pMK-RQ-S. EcoRI and Hindlll restriction sites were engineered between
the last codon of the HAZV NP ORF and its stop codon using HAZV-resQ-NP-HindIII-
forward and HAZV-resQ-EcoRI-reverse primers (section 2.1.6) and a Q5 SDM Kit

according to the manufacturer’s instructions.

Two annealing oligonucleotides encoding a 5 aa linker and the 11" beta strand of the
eGFP (eGFP-$11: RDHMVLHEYVNAAGIT) flanked by EcoRI and Hind]III restriction
sites, were designed and purchased from Integrated DNA Technologies (EcoRI-
eGFP-311-HindIlI-forward and EcoRI-eGFP-{11-HindIII-reverse primers, section 2.1.6).
Primers were mixed at equimolar concentrations and were heated at 95°C for 5 min. The

mix was let to cool down for 1 h and then transferred to ice.

Annealed primers and pMK-RQ-S plasmid containing EcoRI and HindIll restriction
sites were digested with the corresponding enzymes at 37°C for 1 h. Digested
products were resolved on 1% (w/v) agarose gels via electrophoresis and DNA bands
corresponding to insert and vector were excised from agarose and purified. Ligations
were performed and DNA products were transformed into DHS5o E. coli cells for
amplification. Sequence of purified pMK-RQ-S-eGFP-311 was confirmed by Sanger

sequencing (Genewiz).

2.10.2 Rescue of rHAZV

6-well plates were seeded with 2 x 10° BSR-T7 cells/well in 2 mL DMEM
supplemented with 2.5% (v/v) FBS, 100 U/mL penicillin and 100 pg/mL streptomycin.
After 24 h, cells were transfected with 1.2 ug pMK-RQ-S, pMK-RQ-M, and pMK-RQ-L
and 0.6 ug pCAG-T7pol, combined with 2.5 uLL Mirus TransIT-LT1 transfection reagent
(Mirus Bio) per microgram of DNA, in 200 uL. Opti-MEM (Life Technologies). For
mutant recovery, the WT plasmid for the S segment (pMK-RQ-S) was replaced with
the corresponding mutant plasmid containing a C-terminal tag. A control sample, in

which transfection of pMK-RQ-L was omitted, was set up alongside each experiment.
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Cell supernatants were collected 4 days post-transfection, and 300 puL supernatant was
passaged for 48 h to a 6-well plate of SW13 cells grown in DMEM supplemented with
10% (v/v) FBS, 100 U/mL penicillin and 100 pg/mL streptomycin.

2.10.3 Virus infections

SW13 monolayers were infected with rHAZV at the specified multiplicity of
infection (MOI) in serum-free media (SFM: DMEM supplemented with 100 U/mL
penicillin and 100 pg/mL streptomycin) at 37°C. After 1 h, the inoculum was removed
and cells were washed in PBS. Fresh DMEM supplemented with 2.5% (v/v) FBS, 100
U/mL penicillin and 100 pg/mL streptomycin was then applied for the duration of the

infection.

2.10.4 Virus titration

Plaque assays were used to determine HAZV titre. SW13 cells were seeded in 6-well
(3 x 10° SW13 cells/well) or 12-well (1 x 10° SW13 cells/well) plates. After 24 h, HAZV
was serially diluted in SFM to generate dilutions varying from 10! to 10°°. Serial dilutions
were used to infect SW13 cells in duplicate. Infections were carried out as previously
described with the exception that SFM containing HAZV was immediately replaced with
complete media diluted 1:1 with 1.6% (w/v) carboxy-methyl cellulose (CMC, Sigma).
CMC prevented HAZV from migrating, ensuring that following release from an infected
cell, HAZV particles would only infect neighbouring cells. Cells were then incubated for
6 days at 37°C and 5% (v/v) CO,, then fixed and stained with crystal violet solution (10%
(v/v) formaldehyde, 2% (w/v) crystal violet, 20% (v/v) ethanol) for 30 min. Plaques were
visualised using a light box as areas that had not been stained by crystal violet solution.

Virus titre was estimated using the following equation:

: . Average number of plaques
V tit L) = 2.4
irus titre (pfu/mL) Dilution factor x Volume of diluted virus added 24)

where pfu = plaque forming units.

2.10.5 RT-PCR analysis of rHAZV

Viral RNA was first extracted from cell-free supernatant using the Qlamp Viral
RNA kit (Qiagen) and treated with TURBO DNase (Thermo Fisher) to remove any

93



2.11. Purification of HAZV

contaminating DNA prior to further purification using the RNeasy kit (Qiagen). A cDNA
copy was generated using ProtoScript II reverse transcriptase (NEB) according to the
manufacturer’s instructions, alongside a control in which the reverse transcriptase was
omitted. PCR amplification of the C-terminal region of HAZV NP ORF was achieved
using NP-C-terminus-forward and 5 UTR-reverse primers (section 2.1.6) specific to the
5'-terminus of the HAZV S segment and PCR products were resolved on a 1% (w/v)

agarose gel and sequenced by Genewiz.

2.10.6 Virus growth curves

To assess viral fitness over time, 1 x 10° SW13 cells/well were seeded into 12-well
plates one day prior to infection. Virus was used to infect wells at an MOI of 0.01 and
supernatants were harvested at 24 h intervals and stored at -80°C until all samples had
been collected and stored in a similar manner. Following collection of all time points,

samples were analysed for titre of infectious virus as previously described.

2.11 Purification of HAZV

Sucrose cushions were used for concentration and purification of rHAZV from
clarified cell culture supernatant. SWI13 cells were seeded into T-175 flasks at a
confluence of 4 x 10° cells. After 18 h, cells were infected with rHAZV at an MOI
of 0.001. After 3 days of infection, cell supernatant was harvested and clarified by
centrifugation at 4,000 xg for 30 min at 4°C. Supernatant was filtered through a 0.45
uM filter and span down again at 4,000 xg for 30 min at 4°C. A sucrose cushion was
prepared with 20% (w/v) sucrose in Tris-NaCl-EDTA (TNE) buffer (10 mM Tris pH 7.4,
100 mM NaCl and 1 mM EDTA) supplemented with Halt Protease Inhibitor Cocktail
(1X) (Thermo Scientific), | mM MgCl, and 0.5 mM CaCl,.

30 mL of clarified cell culture supernatant were transferred into a thin-wall, Ultra-
Clear, 38.5 mL ultracentrifuge tube (Beckman Coulter). 8 mL of sucrose mixture were
carefully layered under the cell supernatant prior to ultracentrifugation at 100,000 xg for
3.5 h at 4°C in an Optima XPN Beckman Coulter ultracentrifuge using an SW 32.1 Ti
Swinging-Bucket Rotor (Beckman Coulter). Supernatant was carefully discarded and the
resulting pellet was air dried for 5 min to ensure complete removal of supernatant prior to
resuspension in 0.1x PBS buffer overnight at 4°C. Resuspended virus was harvested and

frozen in aliquots at -80°C or directly used for electron microscopy, RNP purification or
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DiD labelling. Samples of supernatant, sucrose cushion and virus pellet were analysed by

western blotting as detailed in section 2.4.4.

2.12 Purification of 6xHis-tagged HAZV RNPs

SW13 cells were seeded into T-175 flasks at a confluence of 4 x 10° cells. After 18
h, cells were infected with 6xHis-tagged NP rHAZV at an MOI of 0.001. 3 days post-
infection, 6xHis-tagged HAZV RNPs were purified either from cell supernatant or from

cell lysate as described below.

2.12.1 Harvest of 6xHis-tagged HAZYV RNPs from released virus

6xHis-tagged NP rHAZV was purified from cell supernatant as detailed in section
2.11. Purified virus was subjected to 3 freeze-thaw cycles and was mixed with 1.5%
(v/v) NP-40 and triton X-100 1.5% (v/v) to break virus membrane and release the
RNPs. Sample was mixed 1:5 with binding buffer (200 mM NaCl, 20 mM Tris-HCl
pH 7.4, 20 mM imidazole) and used to purify 6xHis-tagged RNPs by Ni**-NTA affinity

chromatography as detailed in section 2.12.3.

2.12.2 Harvest of 6xHis-tagged HAZV RNPs from cell lysate

Cells were washed with ice cold PBS and lysed with radioimmunoprecipitation assay
(RIPA) buffer (50 mM Tris-HCI pH 7.5, 150 mM NaCl, 1% (v/v) NP-40 alternative, 0.5%
(w/v) sodium deoxycholate, 0.1% (v/v) SDS and Halt Protease Inhibitor Cocktail (1X)).
Cell lysate was harvested and clarified by centrifugation at 4,000 xg for 10 min at 4°C.
Pellet was discarded and soluble fraction was mixed 1:5 with binding buffer (200 mM
NaCl, 20 mM Tris-HCI pH 7.4, 20 mM imidazole) and used for purification of 6xHis-
tagged RNPs by Ni**-NTA affinity chromatography as detailed in section 2.12.3.

2.12.3 Ni?*-NTA affinity chromatography

Super Ni**-NTA Agarose resin (Generon) was placed in a 20 mL column and washed
with ddH,O to remove the 20% (v/v) ethanol in which it is stored. Ni**-NTA resin
was equilibrated with binding buffer (200 mM NaCl, 20 mM Tris-HCI pH 7.4, 20 mM
imidazole) immediately prior to applying the sample containing 6xHis-tagged HAZV
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RNPs. Flow-through was collected and resin washed with binding buffer with increasing
concentrations of imidazole. 6xHis-HAZV RNPs were eluted from the resin with elution
buffer (300 mM imidazole, 200 mM NaCl, 20 mM Tris-HCI pH 7.4). Sample was directly

used for EM sample preparation as detailed in section 2.13.1.

2.13 Electron microscopy (EM)

2.13.1 Negative stain of EM grids

Carbon-coated EM grids were rendered hydrophilic immediately prior to sample
application by glow discharge in air. EM grids were placed carbon side up on to a parafilm
coated glass slide, and subjected to glow discharge for 45 s using a PELCO easyGlow
glow discharge system. 3 uL of sample was applied to a glow discharge treated EM grid
with continuous carbon film for 1 minute. Excess sample was blotted away using filter
paper (Whatman) and the grid was washed with 3 uLL of ddH,O. After blotting away the
ddH,O0, grids were equilibrated with 3 uL. of negative stain solution (2% (w/v) uranyl
acetate) that was subsequently blotted away. A final droplet of 3 pL of stain was applied
to the grid and left for 1 min. Excess stain was blotted away and the grid left to air dry

before loading into the TEM.

2.13.2 Transmission electron microscopy (TEM)

Negatively stained EM grids were loaded into a single tilt holder and inserted into
the TEM. Microscope alignments were performed from the top to the bottom of the TEM

column.

2.14 Size and frequency distribution analysis of 6xHis-

tagged HAZV RNPs

Length and width of 6xHis-tagged HAZV RNPs particles were analysed using Fiji.
Length was analysed using the segmented line tool and width was analysed using the
straight line tool. Microsoft Excel was used to analyse the mean and standard deviation
(SD) of the 3 different bins of RNP lengths.
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2.15 6xHis-tagged-NP CCHFYV mini-genome

2.15.1 Plasmid design: 6xHis-tagged CCHFV NP support plasmid

Generation of a support plasmid expressing CCHFV NP tagged with a 6xHis C-
terminal tag (pC-NP-6xHis) was achieved by molecular biology techniques starting from
the previously described pC-NP support plasmid of the the CCHFV S segment mini-
genome system (section 2.8.6). pC-NP support plasmid contained a 6xHis sequence after
the stop codon of the CCHFV NP ORF. The sequence between the last codon of the
CCHFV NP OREF and the first codon of the 6xHis tag was deleted using CCHFV-NP-sup-
forward-His and CCHFV-NP-sup-reverse-His primers (section 2.1.6) and a Q5 SDM Kit
(NEB) according to the manufacturer’s instructions. DNA products were transformed into
DH5a E. coli cells for amplification, DNA was purified and pMK-RQ-S-6xHis sequence

was confirmed by Sanger sequencing (Genewiz).

2.15.2 Live cell imaging of CCHFYV replicon

BSR-T7 cells were seeded in 12-well plates 1 day prior to transfection at a density
of 103 cells per well. Cells were transfected with 450 ng pC-L, 150 ng pC-NP or 150
ng pC-NP-6xHis, and 150 ng pC-SsegUTRs-eGFP. TransIT-LT1 Transfection Reagent
(Mirus Bio) was used as transfection reagent in a 2.5:1 ratio of TransIT-LT1 (uL) :
DNA (ug) according to the manufacturer’s instructions. At 6 hpt media was replaced
with DMEM supplemented with 2.5% (v/v) FBS, 100 U/mL penicillin and 100 pg/mL
streptomycin. Phase contrast and green fluorescence were monitored using an IncuCyte
Live Cell analysis system. Quantification of green unit counts per well was done using
the IncuCyte ZOOM software 2018.

2.16 Production of eGFPcomp HAZV

2.16.1 Live cell analysis of eGFPcomp fluorescent signal

BSR-T7 cells were seeded in 12-well plates (8 x 10* cells/well) and after 16 h,
cells were transfected with pMK-RQ-S-eGFP-311 and pcDNA3.1-eGFP(1-10) (Addgene
# 70219 [213]) or pcDNA3.1-eGFP(1-10) only, using Mirus TransIT-LT1 transfection
reagent (Mirus Bio) according to manufacturer’s instructions. After 24 h, media was

removed and replaced with fresh media or cells were infected with rHAZV-eGFP-(11
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at the specified MOI. Fluorescence signal was monitored using an IncuCyte Live Cell

Analysis System (Sartorius) or samples were analysed by immunofluorescence

2.16.2 Vybrant DiD labelling of eGFPcomp HAZV

BSR-T7 cells were seeded in T-175 flasks (4 x 10° cells/flask) and after 16 h, cells
were transfected with pcDNA3.1-eGFP(1-10) (Addgene No. 70219 [213]) using Mirus
TransIT-LT1 transfection reagent (Mirus Bio) according to manufacturer’s instructions.
After 24 h, media was removed and cells were infected with rHAZV-eGFP-$11 at an MOI
of 0.1. After 2 days of infection, cell supernatant was harvested and eGFPcomp rHAZV
was purified as described in section 2.11. Resuspended virus was harvested and 5 puL/ml
of Invitrogen Vybrant DiD Labelling Solution (Invitrogen) were added. Sample was left
on a rocking platform for 2 h at 4°C. A second sucrose cushion purification was performed
to remove excess Vybrant DiD label, after which the sample was transferred to a thin-wall
Ultra-Clear 4.4 mL ultracentrifuge tube (Beckman Coulter). 1 mL of the sucrose mixture
was carefully layered under the cell supernatant prior to ultracentrifugation at 150,000 xg
for 2.5 h at 4°C using an SW60 rotor (Beckman Coulter). The resulting pellet was air dried
for 5 min to ensure complete removal of supernatant prior to resuspension in 0.1x PBS
buffer overnight at 4°C. Resuspended virus was harvested and stored at -80°C. Samples

of supernatant, sucrose cushion and virus pellet were analysed by western blotting.

2.17 Confocal microscopy

2.17.1 Fixation and immunostaining of cells

Glass coverslips were washed with 70% (v/v) ethanol, followed by 5x washes in
PBS. Coverslips were then placed in 12-well plates and cells were seeded 18 h prior to
treatment. At indicated time-points, cells were washed 3x with PBS and were incubated
with 4% (v/v) PFA for 10 min at RT. After 3x washes with PBS, cells were permeabilised
with 1% (v/v) Triton-X-100 in PBS for 30 min. After 3x subsequent washes with PBS,
cells were blocked with 1% (w/v) BSA in PBS for 30 min. Primary antibody diluted in
1% (w/v) BSA in PBS was added to the cells and incubated for 1 h at RT. After 3x washes
with PBS, secondary antibody diluted in 1% (w/v) BSA in PBS was added to the cells and
incubated for 1 h at RT in the dark. Cells were then washed 5x with PBS, carefully dried
using paper towel and mounted onto slides using ProLong Gold Antifade Mountant with

DAPI (Thermo Fisher). Mounting media was allowed to cure on a flat surface in the dark
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for a couple of hours and slides were then stored at 4°C until examination of the specimen

was performed.

2.17.2 Fluorescence in situ hybridisation (FISH)

Trypsinised BSR-T7 cells were seeded onto 16 mm round glass coverslips
(VWR) in a 12-well plate at 8 x 10* cells/well and incubated at 37°C. After 16 h,
cells were transfected and/or infected as specified. Media was then removed and
cells were fixed and stained following the the manufacturer’s instructions, available
online at www.biosearchtech.com/stellarisprotocols (Sequential Stellaris FISH and
Immunofluorescence using Adherent Cells protocol). Briefly, cells were fixed and
stained with primary antibodies targeted to the Golgi complex or HAZV NP followed
by incubation with secondary antibodies. Hybridisation of probes was performed and
coverslips were mounted using Vectashield Mounting Medium. Coverglass perimeter

was sealed with clear nail polish and allowed to dry.

2.17.3 Confocal microscopy

Images were then taken on a Zeiss LSM700 Inverted Microscope, a Zeiss upright
LSMS880, and a Zeiss LSM880 Airyscan Inverted Microscope. In all multicolour imaging,

signals were acquired sequentially.
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Chapter 3

Results: Production of nairoviral
nucleoproteins and CCHFYV NP-specific

recognition molecules

3.1 Chapter introduction

Production of recombinant proteins combined with purification techniques allows
the isolation of high quantities of proteins for their study, characterisation and multiple
applications in basic research, biotechnology and therapeutics. Different expression
systems and purification alternatives can be used for this purpose, and the appropriate
method must be carefully chosen according to the characteristics of the protein of interest

and the final purpose of its production.

Pure protein preparations are commonly used in basic research for analytical
characterisation of protein structure and function, and serve as starting material for
screening and production of highly-specific recognition molecules. This chapter describes
the production and purification of two nairoviral NPs, CCHFV and HAZV NPs, and
the generation of two types of recognition molecules specifically targeted to CCHFV
NP, namely, the production of polyclonal antibodies and an Affimer screening with
subsequent isolation of candidate binders. An initial validation of CCHFV NP-specific
recognition molecules was performed by western blot and affinity precipitation (AP)

assays, respectively.

CCHFV NP was selected for production due to its indispensable role as structural
protein of a highly pathogenic emerging virus and its abundance within CCHFV virions,

with the ultimate aim of developing diagnostic tools using the corresponding recognition
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molecules to specifically detect this protein in serum samples. The closely related HAZV
NP was produced and characterised alongside CCHFV NP, to test possible cross-reactivity
of the recognition molecules with this homologous protein. Production of recombinant
caspase 3 is also reported in this chapter, alongside its use in an in vitro cleavage assay to
demonstrate accessibility of the DEVD and DQVD cleavage sites in the NPs, as an initial

validation assay.

3.1.1 Expression of recombinant proteins

Genetic engineering and cloning techniques allow the recombinant production of
proteins in large quantities, which can be further isolated using simple purification
techniques. Commonly used methods for expression of recombinant proteins include
bacteria, yeast, insect and mammalian systems [214]. Each method presents several
advantages and limitations (detailed in table 3.1), which need to be taken into account
when selecting an expression system for a specific protein of interest. Characteristics of
the protein such as size, solubility or post-translational modifications, together with other
considerations such as amount of protein needed, purpose of protein production, and time

to be spent in protein expression must also be taken into account.

A general procedure for recombinant expression starts with the identification of the
gene that encodes the protein of interest and its synthesis as cDNA. The genetic sequence
is subcloned into an appropriate vector, followed by optimisation of protein expression
and purification, and process scale-up, if required. E. coli based expression systems are
the simplest and most widely used method for recombinant protein production [215]. The
short doubling time of bacteria and the inexpensive media used for bacterial growth make
this system fast and cheap. Scale-up is very straightforward and genetic manipulation
of bacterial strains and expression vectors is easy. Some of the disadvantages of this
system are the lack of post-translational modifications and the presence of other cellular
proteins that need to be removed from the sample. In some cases, codon optimisation of
the sequence of interest is needed due to differences of codon utilisation between bacteria

and mammalian cells [214].

However, this method enables the production of high yields of recombinant protein
and, when combined with purification techniques, results in high quantities of pure protein
suitable for structural studies and characterisation of proteins. For these reasons, and
considering previous experience and published examples in the literature [140, 151],
E. coli expression systems were selected for production of recombinant proteins, later

described in this chapter.
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3.1.1.1 pET expression vectors

A broad variety of bacterial expression vectors is available for protein expression
in E. coli cells, combining different replication origins, promoters, selection markers,
multiple coning sites and fusion proteins or tags [215]. pET vectors are bacterial protein
expression vectors commonly used due to their high efficiency for protein production,
with expressed recombinant protein presenting up to 50% of the total cell protein content
[215].

pET expression systems take advantage of the high activity and specificity of the
bacteriophage T7 polymerase (pol) for regulated expression of genes in E. coli cells.
Protein expression is under control of a T7 pol promoter and a lac operator (T7/lac
promoter), and can be activated by addition of Isopropyl -D-1-thiogalactopyranoside
(IPTG), a non-hydrolyzable lactose analog. A lac I gene encoding the lac repressor
is also included in the expression vector to reduce basal transcription from the T7/lac
promoter. The T7 pol can be provided with an additional plasmid or can be placed in
the genome of the bacterial expression host [215]. Genetically engineered E. coli BL21
strains containing the DE3 bacteriophage lambda inserted in their genome are commonly
used for this purpose with the T7 pol gene under control of a lacUVS5 promoter inserted
into the int gene of the bacteriophage. The lac I gene encoding for the lac repressor is
also inserted in the bacterial genome to reduce basal transcription of the T7 pol (figure
3.1).

In the absence of an inducer, the repressor encoded by the lac I gene in both the
E. coli genome and the pET vector acts as a dual inhibitor. This repressor prevents the
transcription of the T7 pol by the E. coli RNA polymerase, impeding, at the same time,
the transcription of the gene of interest in the expression vector by the T7 pol. When
an inducer such as IPTG is added to the media, it binds to the repressor and inhibits
its activity, inducing gene expression. As a result, T7 pol is produced and drives the
expression of the genes of interest in the pET plasmid under its control (figure 3.1). Most
pET vectors contain a pBR322 origin, allowing replication and maintenance in E. coli.
An antibiotic resistance gene is included for selection of E. coli containing the plasmid of
interest, and a multiple cloning site with different enzyme restriction sites for subcloning

of the gene of interest.

In this chapter, different pET vectors are used depending on the protein to be
purified and the purity required. pPET-SUMO vector was used for production of native
nairoviral NPs and untagged Affimers, pET-11a vector was selected for His-tagged

Affimers expression and pET-21 was used for His-tagged caspase 3 production.
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Figure 3.1: Recombinant protein expression system combining pET expression vectors and
BL21(DE3) E. coli strains. E. coli genome is represented at the top, containing a lac I gene and
a T7 pol gene under control of a lacUVS5 promoter and a lac operator. A pET expression vector
is also represented with its characteristic elements. If no IPTG is added, lac repressor interferes
with transcription and expression of T7 pol and the gene of interest are repressed. If IPTG is
added, it binds to the repressor inhibiting its activity. As a result, T7 pol is produced and drives the
expression of the genes of interest in the pET plasmid under its control. (RBS, ribosome binding

site. IPTG, Isopropyl 3-D-1-thiogalactopyranoside.)
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pET-SUMO vectors contain a kanamycin resistance gene and an N-terminus
tagging system. They include a yeast SUMO (small ubiquitin-like modifier) tag (smt3,
Saccharomyces cerevisiae) as N-terminal fusion partner to the ORF of the gene of interest,
improving protein stability and solubility. An additional poly-histidine (6xHis) tag is
included in the N-terminal end of the smt3 SUMO tag, allowing purification of the
fusion protein by affinity chromatography. Once the fusion protein is produced and
purified, cleavage mediated by SUMO ubiquitin-like specific protease 1 (Ulpl) results
in separation of the tag from the native protein. Smt3 SUMO fusion protein and SUMO
Ulpl protease contain N-terminal poly-histidine (6xHis) tags that allow their removal

from the cleavage reaction using affinity chromatography.

pET-11 and pET-21 vectors contain an ampicillin resistance gene. pET-11 originally
does not contain a fusion tag [216], but a modified version of a pET-11a vector, which
introduces an 8xHis C-terminal tag using Ndel and Nhel restriction sites to insert the
gene of interest, was used in this chapter for Affimers expression. pET-21 introduces a
C-terminal 6xHis tag in the ORF of the gene of interest, and was commercially obtained

from Addgene with the caspase 3 ORF already inserted in the vector [217].

3.1.2 Purification of recombinant proteins

The aim of a protein purification process is not only removal of unwanted material
but also concentration of the protein of interest and its transfer to a stable and desired
environment. Different procedures can be used and combined for protein purification,
including chromatographic techniques, electrophoresis, AP or dialysis. The methodology
used for each particular protein must be chosen according to protein behaviour and the

final purpose for which the protein is needed.

Chromatographic techniques have become one of the most effective and widely used
methods for protein purification [218]. They include a group of separation techniques
that involve the physical retardation of molecules due to their interaction with a specific
material (stationary phase) with respect to their solvent. The most common experimental
configuration consists of a stationary phase packed into a column through which the
mobile phase is pumped. The degree to which the molecules interact with the stationary

phase determines how fast they will be carried by the mobile phase.

Different physicochemical properties of proteins such as size, charge,
hydrophobicity and bio-specific interactions can be used to isolate them from other

contaminants. Several types of chromatography can be distinguished depending on the
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properties of the protein exploited for its purification and the experimental set up. Some
examples include ion-exchange chromatography, affinity chromatography, size exclusion

chromatography (SEC), or gas chromatography [219].

In this chapter, two different chromatographic techniques, affinity and size exclusion
chromatography, were used for purification of bacterially expressed recombinant proteins

from all other host cellular proteins.

3.1.2.1 Immobilised metal affinity chromatography (IMAC)

Affinity purification of proteins exploits specific interactions between the protein of
interest and a specific ligand attached to a matrix, including electrostatic or hydrophobic
interactions, van der Waals forces and hydrogen bonds. The binding interaction must
be reversible and allow elution of the protein of interest without affecting its biochemical
properties. A widely used method for affinity chromatography purification of recombinant
proteins is immobilised metal affinity chromatography (IMAC), which involves the use
of peptide affinity tags fused to the protein of interest to facilitate its interaction with a
metal ligand on the stationary phase [220]. Histidine tails are commonly used as affinity

tags due to their strong interaction with immobilised transition metal ion matrices (Co?*,
Ni?*, Cu®*, Zn?").

Proteins containing a poly-histidine tail are retained on the metal ion matrix due
to the formation of coordination bonds between electron donor groups on the histidine
imidazole ring and the immobilised transition metal (figure 3.2a). After washing off
non-bound material, the poly-histidine tagged proteins of interest can be eluted by either
adjusting the pH or adding free imidazole to the column buffer. A decrease on the pH to
4-5 causes protonation of histidine residues interfering with the interaction between these
and the metal ion, whereas imidazole has a chemical structure very similar to histidine
(figure 3.2b) and forms coordination bonds with the metal ions, acting as a competitive

binder for the resin.

Beaded agarose is the most commonly used material for stationary phases in IMAC.
A suitable spacer arm plus a chelator which will coordinate to the metal ion, such as
nitrilotriacetic acid (NTA), are incorporated to the matrix (figure 3.2a). Some of the
coordination bonds of the metal must remain free after binding to the chelator, so the
electron-donor groups on the target protein can access them. The number of histidines
interacting with the matrix is directly related with the number of available coordinator
sites in the matrix and the number of histidine residues in the protein of interest. Some of

the most common clonable tags used for this procedure are 6xHis and 8xHis tails, often
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Figure 3.2: Chemistry of Ni**-NTA affinity chromatography. (a) Schematic representation
of nickel (2+) ion coordination bonds with the poly-histidine peptide in the protein of interest and
the nitrilotriacetic acid on the resin. (b) Chemical structures of imidazole and histidine. Due to

the structural similarities between their aromatic groups, imidazole acts as competitor of histidine

for Ni%*-NTA resin binding.
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resulting in purified samples with over 90% purity [218].

3.1.2.2 Size exclusion chromatography

Size exclusion chromatography (SEC) is based on the separation of molecules
according to their size and shape due to their interaction with a porous matrix. The ability
of proteins to enter all, some, or none of the channels in the porous beads determines
their elution volume. Smaller molecules can access smaller pores in the beads and are
retarded compared to larger molecules which, for steric reasons, are excluded from the
pores and pass quickly between the beads. Differential exclusion or inclusion within
porous particles also depends on the shape of the molecules. Linear molecules, such
as DNA or polysaccharides, tend to have larger hydrodynamic volumes than globular

molecules, such as most proteins [218].

Selectivity of SEC depends on the inherent porosity of the material. Commonly
used matrices include natural polymers, such as agarose or dextran, or synthetic ones,
such as polyacrylamide. Gels can be formed by cross-linking these polymers, resulting in
three-dimensional networks [218]. Different pore sizes can be obtained depending on the
degree of cross-linking used for the manufacture of the resins. The first commercial SEC

stationary phase, Sephadex, is composed of dextran cross-linked with epichlorohydrin.

Specific terminology is employed to describe SEC experimental concepts and
understand SEC chromatograms, including terms like void volume (Vy), solvent volume
(Vy), total volume (V) and elution volume (V.) (figure 3.3) [221]. Void volume (V) is
defined as the space taken by solvent surrounding the gel beads. Solvent volume (V)
refers to space occupied by solvent inside the medium particles. Total volume (V,) is
the sum of V, and V. The elution volume (V.) of a certain molecule is the volume
of mobile phase entering the column between the sample injection and the elution of the
molecule. In the case of proteins, elution from the column can be monitored by measuring
absorbance at 280 nm with an ultraviolet (UV) light lamp. Results of SEC are normally
represented in chromatograms showing the variation in protein concentration (absorbance

at 280 nm) versus elution volume (mL) (figure 3.3b).

Some of the most common applications of SEC include buffer exchange, where
proteins are excluded and low molecular weight components such as salts are retained
in the column; protein fractionation, for separation of molecules with different sizes and
shapes; and qualitative characterisation of proteins, such as determination of molecular

size, oligomeric state or study of protein interactions.
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Figure 3.3: Terminology of size exclusion chromatography and representation of a
chromatogram. (a) Visual representation of SEC terminology. Void volume (V) is defined
as the space taken by solvent surrounding the gel beads. Solvent volume (V) refers to space
occupied by solvent inside the medium particles. Total volume (V) is the sum of Vg and V.
(b) Schematic representation of a SEC chromatogram. High molecular weight (MW) molecules
elute before intermediate MW molecules, and these before low MW molecules. Vj, Vs and V; are

represented.
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3.2 Expression and purification of nairoviral

nucleoproteins

3.2.1 CCHFYV NP expression and purification

CCHFV NP was recombinantly expressed in Rosetta 2 (DE3) E. coli cells. Cells
were transformed with a pET-SUMO plasmid containing the CCHFV NP ORF (see
plasmid map in Appendix B) and protein expression was induced with IPTG. Cell lysates
were separated into soluble and insoluble fractions, and samples were analysed by SDS-
PAGE and Coomassie staining (figure 3.4a). 6xHis-SUMO-CCHFV NP was mainly
present in the soluble fraction, which was further used for purification of CCHFV NP.

3.2.1.1 Ni?*-NTA affinity chromatography

6xHis-SUMO-CCHFV NP was purified from soluble fraction of cell lysate by Ni**-
NTA affinity chromatography. Washes with increasing imidazole concentration buffers
were done to remove non-specifically bound proteins. Elution of 6xHis-SUMO-CCHFV
NP was achieved with 500 mM imidazole buffer.

Samples were analysed by SDS-PAGE and Coomassie staining (figure 3.4a). A
protein band corresponding to full length 6xHis-SUMO-CCHFV NP (67 kDa) was
observed in the elution fractions, alongside a contaminant protein band of ~20 kDa
corresponding to an unknown protein product (highlighted with an asterisk in figure 3.4a).
Elution fractions containing 6xHis-SUMO-CCHFV NP were pooled and 6xHis-SUMO
tag was proteolytically removed by addition of 6xHis-SUMO Ulp1 protease. SDS-PAGE
analysis and Coomassie staining of the cleaved sample revealed a 27 kDa protein band
corresponding to 6xHis-SUMO Ulp1 protease and two other protein bands of 54 kDa and
13 kDa corresponding to CCHFV NP and 6xHis-SUMO fusion tag cleavage products,
respectively (figure 3.4b). The aforementioned contaminant product of 20 kDa was not

present in the sample after cleavage with 6xHis-SUMO Ulpl1 protease.

A second Ni**-NTA affinity chromatography purification step was performed to
remove the 6xHis-SUMO fusion tag and the 6xHis-SUMO Ulp1 protease. Briefly, sample
was applied to Ni**-NTA resin and flow-through containing CCHFV NP was collected.
The remaining sample in the column was eluted with 500 mM imidazole buffer and all
fractions were analysed by SDS-PAGE and Coomassie staining (figure 3.4b). After the
second purification step, there was a clear reduction in the amount of 6xHis-SUMO tag

and 6xHis-SUMO Ulpl protease present in the flow-through sample.
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3.2.1.2 Size exclusion chromatography

As not all the 6xHis-SUMO tag and protease were removed, SEC was performed
to further purify CCHFV NP using an S75 sephadex column. Successful separation of
the proteins present in the sample was achieved due to their distinct molecular weights.
Three different peaks were observed in the size exclusion chromatogram, corresponding
to 6xHis-SUMO tag (13 kDa), 6xHis-SUMO Ulp1 protease (27 kDa) and CCHFV NP
(54 kDa) (figure 3.5a). Fractions corresponding to CCHFV NP peak were analysed by
SDS-PAGE gel and Coomassie staining (figure 3.5b), and showed efficient removal of
non-desired products. The ratio of absorbance values at 260 nm versus 280 nm was
measured and determined as A260/A280<1 in purified CCHFV NP fractions. Fractions
containing the protein of interest (corresponding to lanes 3-13 in figure 3.5b) were pooled

and concentrated to 1 mg/mL.

3.2.2 HAZV NP expression and purification

Recombinant HAZV NP was expressed using a similar procedure to the above
in Rosetta 2 (DE3) E. coli cells. Cells were transformed with a pET-SUMO plasmid
containing the HAZV NP OREF (see plasmid map in Appendix B) and protein expression
was induced with IPTG. Cell lysates were separated into soluble and insoluble fractions,
and samples were analysed by SDS-PAGE and Coomassie staining (figure 3.6a). A
protein band corresponding to 6xHis-SUMO-HAZV NP (67 kDa) was present in soluble

and insoluble fractions.

3.2.2.1 Ni*-NTA affinity chromatography

6xHis-SUMO-HAZV NP was purified from soluble fraction of cell lysate using
Ni>*-NTA affinity chromatography. Washes with low imidazole concentration buffers
were done to remove non-specifically bound proteins, followed by a high-salt wash to
remove any potentially bound nucleic acids. 6xHis-SUMO-HAZV NP was eluted with
300 mM imidazole buffer and samples were analysed by SDS-PAGE and Coomassie
staining (figure 3.6a). A protein band corresponding to full length 6xHis-SUMO-HAZV
NP (67 kDa) was observed in the elution fractions, alongside a contaminant double protein
band of ~20 kDa (highlighted with an asterisk in figure 3.6a).

Fractions containing 6xHis-SUMO-HAZV NP were pooled and 6xHis-SUMO tag
was proteolytically removed by addition of 6xHis-SUMO Ulp1 protease. SDS-PAGE

analysis and Coomassie staining of cleaved sample revealed a 27 kDa protein band
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Figure 3.4: CCHFV NP purification by Ni>*-NTA affinity chromatography. (a) SDS-
PAGE analysis and Coomassie staining of fractions from different steps of the expression and
purification processes of 6xHis-SUMO-CCHFV NP by Ni**-NTA affinity chromatography. (b)
SDS-PAGE analysis and Coomassie staining of purified 6xHis-SUMO-CCHFV NP after dialysis
and cleavage with 6xHis-SUMO Ulpl protease, and a second purification step by Ni**-NTA
affinity chromatography. Arrows indicate migration distances of specified proteins. * indicates

an unknown protein product.
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