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SUMMARY

Importance of African horse sickness virus NS2 protein phosphorylation
for the formation of viral inclusion bodies

by

Gina Roebuck

Supervisor:  Prof. J. Theron
Department of Biochemistry, Genetics and Microbiology
University of Pretoria

for the degree MSc

African horse sickness virus (AHSV) is a member of the Orbivirus genus (family
Sedoreoviridae, order Reovirales) and has a segmented double-stranded RNA genome that
encodes seven structural proteins and four non-structural proteins. The non-structural protein
NS2 has several properties that suggest it may play an important role in the virus replication
cycle. Notonly is NS2 the only virus-specified phosphoprotein, but it is also capable of binding
single-stranded RNA and is the main component of the characteristic virus inclusion bodies
(VIBs) observed in the cytoplasm of orbivirus-infected cells. Although VIBs are considered
the sites at which virus replication and assembly occur, the factors that govern their formation
are still poorly understood in the case of AHSV. Consequently, the aim of this study was to
determine the importance of AHSV-4 NS2 protein phosphorylation for its ability to form

intracellular inclusion bodies.

To identify the cellular kinase responsible for NS2 protein phosphorylation, in vitro
phosphorylation assays were performed on an unphosphorylated version of the protein that was
expressed in Escherichia coli. The NS2 protein could be phosphorylated by a protein kinase
present in the cell lysate of Spodoptera frugiperda insect cells and by making use of a kinase-
specific inhibitor, it was established that casein kinase 2 (CK2) is responsible for
phosphorylating the NS2 protein. Previous studies reported that NS2 of different orbiviruses
is phosphorylated on serine residues within its carboxyl (C) terminus. Consequently, the NS2
protein of AHSV-4 was subjected to bioinformatics analyses and four serine residues were



identified at positions 256, 258, 262 and 270 that were predicted target sites for CK2
phosphorylation. The importance of these serine residues for NS2 phosphorylation was
investigated by making use of engineered recombinant baculoviruses expressing NS2 or NS2
mutants in which the serine residues were substituted with either alanine or with negatively
charged aspartate residues to mimic phosphoserine residues. The phosphorylation state of the
recombinant proteins expressed in S. frugiperda cells was determined by phosphoprotein
staining, following electrophoresis of purified protein samples on SDS-polyacrylamide gels.
The results indicated that NS2 is predominantly phosphorylated at serine residues 256 and 258
since the substitution of these residues severely diminished the phosphorylation signal. To
evaluate the importance of NS2 protein phosphorylation for inclusion body formation,
immunofluorescence confocal microscopy was performed on S. frugiperda cells infected with
recombinant baculoviruses expressing NS2 or the NS2 mutant proteins. Analysis of the
micrographs indicated that a mutant NS2 protein in which the serine residues at both positions
256 and 258 were substituted with alanine was unable to form intracellular inclusion bodies.
However, when both of these residues were substituted with aspartate residues, inclusion
bodies could be observed and thus suggested that the negative charges imparted by NS2 protein

phosphorylation is important for inclusion body formation.

Overall, the results obtained in this study indicate that NS2 of AHSV-4 is phosphorylated by
CK2 at serine residues 256 and 258 and that phosphorylation of the NS2 protein is required for
the formation of intracellular inclusion bodies. This information may be combined in future
studies with a reverse genetics approach to generate an AHSV-4 strain that expresses a
phosphorylation-deficient NS2 protein, and thus provide a means whereby the importance of
VIBs for virus replication and assembly can be investigated.
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CHAPTER ONE

PREFACE



The genus Orbivirus (family Sedoreoviridae, order Reovirales) includes several animal
pathogens that are of economic importance such as Bluetongue virus (BTV), African horse
sickness virus (AHSV) and Epizootic haemorrhagic disease virus (EHDV). Unlike other
Sedoreoviridae family members, orbiviruses are transmitted to their vertebrate host by
Culicoides biting midges (Diptera, Ceratopogonidae) and are capable of replicating within both
the vector insect and mammalian host (Gorman et al., 1983; Carpenter et al., 2017). African
horse sickness (AHS), of which AHSV is the causative agent, is remarkably variable in its
clinical manifestation and can range from a mild fever form to an acute (pulmonary) form with
a mortality rate of up to 95% in naive horse populations (Coetzer and Guthrie, 2004). The
disease is listed as a notifiable equine disease by the World Organization of Animal Health
(OIE: Office International des Epizooties) due to its negative impact on animal welfare,
considerable economic losses to the equestrian industry, the risk of rapid global spread, and its
impact on the international trade of horses (MacLachlan and Guthrie, 2010; Clemmons et al.,
2021). AHS is endemic to sub-Saharan Africa; however, outbreaks outside the endemic region
have occurred in the Persian Gulf, the Middle East, Europe and, more recently, Thailand
(Zientara et al., 2015; King et al., 2020).

Similar to the Bluetongue virus (BTV), the prototype orbivirus species, AHSV has a genome
of 10 linear double-stranded (ds) RNA segments (S1 to S10) that are enclosed within two
protein capsids (Manole et al., 2012). The inner capsid is composed of five highly conserved
proteins (VP1, VP3, VP4, VP6 and VP7), whereas the outer capsid comprises two variable
proteins (VP2 and VP5). In addition, the viral genome also encodes four non-structural
proteins (NS1, NS2, NS3/3A and NS4) in virus-infected cells that are produced at different
stages of the infectious cycle. The NS4 protein has been shown to be dispensable for virus
replication (Ratinier et al., 2011), but it is considered to be a key determinant of viral virulence
(Ratinier etal., 2016; Li et al., 2021). In contrast, the other non-structural proteins are involved
in virus morphogenesis processes that lead to the assembly and release of progeny virions from
infected cells. The NS1 and NS2 proteins are synthesized abundantly in virus-infected cells
and their synthesis coincides with the appearance of two virus-specific structures, i.e., tubules
and granular viral inclusion bodies (VIBs), respectively (Huismans and Els, 1979; Brookes et
al., 1993). Although the function of the tubules is not yet understood fully, the NS1 protein
has nevertheless been implicated as playing a role in morphogenesis and release of progeny
virions (Eaton et al., 1990; Owens et al., 2004). The VIBs, of which NS2 is a major component,

are believed to be the sites in which virus assembly occurs and are considered to be of central
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importance in the virus replication strategy (Kar et al., 2007; Patel and Roy, 2014). The two
closely related NS3 and NS3A proteins, which are synthesized in low abundance in orbivirus-
infected cells (Huismans, 1979), play a role in the final stages of viral morphogenesis by
facilitating the release of progeny virions from infected cells (Hyatt et al., 1993; Celma and
Roy, 2009).

Investigations of the NS2 protein of BTV have indicated that it is a multifunctional protein and
several properties of NS2 suggest that it might play an important role in the virus replication
cycle. The NS2 protein forms multimers and the size of the NS2 oligomers is likely to be
between six and eight subunits (Taraporewala et al., 2001), with more recent structural
investigations favouring a decameric composition (Mumtsidu et al., 2007). Unlike other BTV
proteins, NS2 has a strong affinity for single-stranded (ss) RNA, but not for dsSRNA (Huismans
etal., 1987; Thomas et al., 1990; Taraporewala et al., 2001). It has subsequently been reported
that NS2 displays preferential and specific binding to viral sSRNA (Theron and Nel, 1997;
Lymperopoulos et al., 2003). The NS2 protein is therefore of particular interest, because of its
possible involvement in genome recognition (preference for viral SSRNA versus cellular RNA),
which is known to be an early essential step in the assembly process of viruses. Indeed, during
the assembly of progeny orbivirus virions, the positive-strand ssSRNA is packaged and then
replicated to form a dsRNA genome segment by the RNA-dependent RNA polymerase (VP1)
inside the progeny virions (Mertens and Diprose, 2004; Matsuo and Roy, 2013). Moreover,
the NS2 protein also has the enzymatic activity of hydrolyzing nucleotide triphosphates (NTPs)
to their corresponding nucleotide monophosphates (Horscroft and Roy, 2000; Taraporewala et
al.,, 2001). Although the significance of the enzymatic activity is not clear, it has been
suggested that the NTPase action of NS2 may play a role in providing energy for the
assortment, movement, packaging, or condensation of bound ssRNA (Horscroft and Roy,
2000).

As highlighted previously, the NS2 protein is the predominant component of VIBs observed in
virus-infected cells (Brookes et al., 1993; Uitenweerde et al., 1995). Expression of BTV NS2,
in the absence of other viral proteins in both insect and mammalian cells, results in the
formation of inclusion bodies (IBs) that are indistinguishable from VIBs found in virus-
infected cells and thus indicates that NS2 is solely responsible for the formation of VIBs
(Thomas et al., 1990; Uitenweerde et al., 1995). Notably, the presence of BTV structural



proteins and sSRNA, as well as newly assembled subcore and core particles in and around the
periphery of VIBs has led to the proposal that virus assembly and replication occur at these
sites (Hyatt and Eaton, 1988; Kar et al., 2007; Patel and Roy, 2014). Unique features of NS2
are that it is capable of binding Ca?* (Rahman et al., 2020) and it is the only virus-specific
protein that is phosphorylated in BTV-infected cells (Huismans et al., 1987; Devaney et al.,
1988) or when expressed in insect cells using a baculovirus recombinant (Thomas et al., 1990).
Initial studies indicated that BTV NS2 purified to homogeneity could be phosphorylated in
vitro without the addition of an exogenous kinase (Huismans et al., 1987), but subsequent
studies demonstrated that NS2 lacks autophosphorylation activity (Theron et al., 1994;
Taraporewala et al., 2001). More recently, it was reported that BTV NS2 is phosphorylated at
two serine residues in the carboxyl (C)-terminal region of the protein by the ubiquitous cellular
kinase Casein kinase 2 (Modrof et al., 2005). The functional importance of NS2
phosphorylation has been investigated for BTV, and it was reported that phosphorylation of
the NS2 protein is important for VIB formation but not for ssRNA binding (Thomas et al.,
1990; Modrof et al., 2005; Mohl and Roy, 2016).

In contrast to BTV, the properties and biological importance of the AHSV NS2 protein have
not yet been investigated in great detail. Studies regarding AHSV NS2 have reported that it is
phosphorylated (Devaney et al., 1988; Theron et al., 1994), able to self-associate to form
multimeric assemblies in complex with sSRNA (Uitenweerde et al., 1995) and is responsible
for the formation of VIBs (Uitenweerde et al., 1995). Studies regarding the structure-function
relationships of different AHSV genes and encoded proteins, as well as mapping of the function
of some of these proteins, have been facilitated greatly by the baculovirus expression system
(Uitenweerde et al., 1995; Maree and Huismans, 1997; de Waal and Huismans, 2005; Stassen
etal., 2011; Bekker et al., 2014; Boughan et al., 2020). These types of investigations generally
rely on a combination of mutagenesis and expression of the AHSV mutant proteins by
appropriately constructed baculovirus recombinants in Spodoptera frugiperda insect cell
culture, followed by studies to assess the effect(s) of the newly introduced mutations on protein
function. It can therefore be envisaged that a similar strategy would allow for a greater
understanding of the functional importance of AHSV NS2 phosphorylation. Consequently,
this dissertation reports on investigations undertaken to identify phosphate-acceptor residues
within the AHSV NS2 protein and to determine the functional significance of NS2

phosphorylation concerning the formation of intracellular inclusion bodies.



CHAPTER TWO

LITERATURE REVIEW



2.1 GENERAL INTRODUCTION

African horse sickness (AHS), which is caused by the African horse sickness virus (AHSV), is
an infectious but non-contagious disease that most commonly affects horses. The disease can
also occur in other equids such as donkeys, mules, and zebra, but they rarely exhibit clinical
symptoms (Coetzer and Guthrie, 2004; Mellor and Hamblin, 2004). AHS can manifest
different symptoms in infected animals. These symptoms can include fever, lack of appetite,
and lesions that are associated with damage to the circulatory and respiratory systems and result
in oedema of the lungs, pleura, and subcutaneous tissues, as well as haemorrhages in various
organs and tissues (Thompson et al., 2012). The mortality rate of AHS is dependent on which
form of the disease occurs but has been reported to be as high as 95% in naive horse populations
(Coetzer and Guthrie, 2004). AHS is considered to be economically important due to its
potential for high mortality rates in naive horse populations and its economic impact on the
trade and movement of animals between AHS-affected and AHS-free areas. In addition,
morbidity and mortality from AHS within working equids may also constrain the draft power
that these horses and donkeys provide in low-income countries and consequently, may affect
food security and poverty alleviation (De Vos et al., 2012; Carpenter et al., 2017; Clemmons
et al., 2021). As a result, AHS has been listed as a notifiable equine disease by the World
Organization for Animal Health (WOAH, 2022) and has also been declared a state-controlled
disease in South Africa (Animal Diseases Act No. 35 of 1984).

The first historical account of AHS is found in an Arabian document that describes an outbreak
of the disease in 1327 in Yemen (Mellor and Hamblin, 2004). However, the first description
of the disease on the African continent dates back to the 16" century. Father Monclaro, in his
account of the journey of Francisco Baro in 1569 to East Africa, described a disease outbreak
among the horses that were imported from India. Almost a century later, in 1652, the first
settlers arrived at the then Cape of Good Hope and this was soon followed, in 1657, by the
importation of horses and mules from Europe and the Far East. In 1719 the first severe outbreak
of AHS occurred and led to the death of 1 700 horses. Over the subsequent 217 years following
this outbreak, at least 10 major and several lesser outbreaks have been recorded in South Africa.
The most severe AHS outbreak in South Africa occurred in 1854-1855, which led to the death
of an estimated 70 000 horses that represented 40% of the horse droves (Mellor and Hamblin,
2004). Over the last century, the frequency and severity of the outbreaks have declined and

can be ascribed to the implementation of improved surveillance measures, in addition to strict



zoning measures and the vaccination of horses (Bosman et al., 1995; Mellor and Hamblin,
2004; Robin et al., 2016).

Much of the pioneering research on AHSV was performed by Sir Arnold Theiler during the
early 20" century (reviewed in Coetzer and Guthrie, 2004), and several studies were undertaken
in the 1960s and 1970s to characterize the morphology and structure of AHSV (Oellerman et
al., 1970; Verwoerd and Huismans, 1972; Bremer, 1976). Consequently, AHSV has been
classified as a member of the Orbivirus genus in the family Sedoreoviridae (formerly known
as Reoviridae). This virus family consists of several viruses that all have segmented double-
stranded (ds) RNA genomes located inside a virus particle comprising an inner and an outer
protein capsid (Mertens, 2004). The development of gene cloning, genetic engineering and
protein expression technologies has greatly facilitated studies aimed at characterizing the
structure-function relationships of different AHSV genes and their cognate gene products
(Uitenweerde et al., 1995; Maree and Huismans, 1997; de Waal and Huismans, 2005; Stassen
et al., 2011; Bekker et al., 2014; Boughan et al., 2020). Despite the progress that has been
made, much still remains to be understood concerning the molecular-genetic events underlying
the infection cycle of AHSV and the role that individual viral proteins may play in these
processes. Of special interest in this regard is the non-structural protein NS2. The NS2 protein
is the only viral-encoded phosphoprotein and assembles into cytoplasmic virus inclusion
bodies (VIBs), which are believed to be the sites at which virus morphogenesis occurs.
Consequently, NS2 is thought to be crucially important in the generation of appropriately
formed progeny virions and is considered central to a productive virus infection cycle.
However, the functional importance of AHSV NS2 protein phosphorylation is not known and

merits further investigation.

In this review of the literature, aspects relating to AHS epidemiology will be summarized. This
will be followed by a discussion of AHSV structure, encoded viral proteins and the infection
cycle of the virus. The literature review will then be concluded by a discussion of the non-
structural protein NS2 and its role in virus replication and morphogenesis, after which a

description of the aims of this study will be provided.



2.2  AFRICAN HORSE SICKNESS (AHS)

2.2.1  Geographical distribution

AHS is endemic in tropical and subtropical areas of Africa south of the Sahara, occupying a
broad band stretching from Senegal in the west to Ethiopia and Somalia in the east, and
extending as far south as northern South Africa (Mellor and Hamblin, 2004). All nine serotypes
of AHSV occur throughout sub-Saharan Africa, including eastern, central and southern Africa
(Coetzer and Guthrie, 2004). Outbreaks of AHS caused by multiple serotypes occurred in
Ethiopia from 2007 to 2010, and outbreaks caused by AHSV-2 and AHSV-7 occurred in West
Africa where only serotype 9 had previously been detected (Diouf et al., 2013; Aklilu et al.,
2014). Although AHS is believed to be confined largely to sub-Saharan Africa, there have
been several outbreaks of the disease in the Persian Gulf, the Middle East, and southern
European countries (Zientara et al., 2015). Countries, where epizootics occurred outside the
African continent, include Yemen (1930), the Middle East (AHSV-9, 1959-1961), Israel
(1944), Spain (AHSV-9, 1966; AHSV-4, 1987-1990), Portugal (AHSV-4, 1989) and Thailand
(AHSV-1, 2020). Notably, the latter was the first incidence of AHS occurring in Southeast
Asia and of serotype 1 outside of Africa (King et al., 2020).

The impact of AHS on the equine industry is best illustrated by two outbreaks that occurred in
the 20" century. The outbreak of AHS, caused by serotype 9, between 1959-1961 in the Middle
Eastern countries and the Persian Gulf (Iran, Saudi Arabia, Pakistan, Afghanistan, India,
Turkey, Cyprus, Irag, Syria, Lebanon, and Jordan) resulted in the death of more than 300 000
equids (Howell, 1960; Howell, 1963), and is still regarded as the most extensive epizootic to
date. Moreover, the outbreak of AHS, caused by serotype 4, in Spain from 1987-1990 resulted
from the importation of sub-clinically infected zebra from Namibia to a safari park outside
Madrid, and subsequently spread to Morocco and Portugal (Rodriguez et al. 1992). Although
the outbreak was eradicated by means of massive vaccination campaigns and the culling of
horses, the equine industries of the affected countries suffered major economic losses that were
estimated at $30 million (Mellor, 1993). Different factors such as an increase in the number
of different serotypes observed within the northern limits of the virus’ range (Dufour et al.,
2008), climate change that affects the distribution of vector insects (Purse et al., 2008; Gale et

al., 2010; Assefa et al., 2022), and increased international trade and movement of animals



(MacLachlan and Guthrie, 2010; Martinez-Lopez et al., 2011) have raised concerns that AHSV

may be re-introduced in European countries with potentially devastating consequences.

2.2.2 Susceptible species and transmission

African horse sickness (AHS) affects primarily equine species (horses, donkeys and mules).
Horses are the most susceptible to the disease and mortality rates ranging between 70 to 95%
have been recorded in naive horse populations (Coetzer and Guthrie, 2004; Mellor and
Hamblin, 2004). Zebra, however, rarely exhibit any clinical signs of AHSV infection. As a
result, different African zebra species (Equus burchelli, E. quagga, and E. grevyi) are believed
to be the natural vertebrate host and reservoir of AHSV and consequently, are considered to
play an important role in the persistence of the virus in Africa (Barnard et al., 1994). Notably,
donkeys in South Africa appear to be naturally resistant to AHSV and infected animals rarely
display clinical symptoms of the disease. The mortality rate in African donkeys (E. africanus)
is less than 10% and they may therefore also act as an additional reservoir host for AHSV in
South Africa (Hamblin et al., 1998). Antibodies to AHSV have been detected in dogs, cattle,
sheep, goats, camels, buffalo, and elephants (Erasmus et al., 1978; van Rensberg et al., 1981;
Awad et al., 1981; Barnard, 1997; Fassi-Fihri et al., 1998; EI Hasnaoui et al., 1998; van Sittert
etal., 2013). However, there is a lack of evidence to support a role for domestic ruminants and

wildlife, aside from zebra, in AHS epidemiology.

AHS is not contagious, and the virus is primarily transmitted to susceptible equid hosts via
biting haematophagous midges of the Culicoides genus (du Toit, 1944; Carpenter et al., 2017).
An adult Culicoides becomes infective eight days after feeding on a viraemic animal and stays
infected until death. The virus replicates in the gut and salivary glands of the insect vector,
without adversely affecting the insect, and is subsequently transmitted from the Culicoides
vector to a susceptible equid host when the midge takes a blood meal (Meiswinkel et al., 2000).
Although approximately 30 of the more than 1 500 Culicoides species are capable of
transmitting orbiviruses, C. imicola is believed to be the primary vector of AHSV in Europe,
Africa, and Asia (Mellor, 1994; Leta et al., 2019). C. bolitinos, which has a wide distribution
in southern Africa and is common in cooler highland areas where C. imicola is rare, has also
been identified as a potential vector of AHSV (Venter et al., 2000). Moreover, in Spain, AHSV
has been found in C. obsoletus and C. pulicaris, both of which are the most common Culicoides
species in northern and central Europe (Mellor et al., 1983; Mellor et al., 1990). In Australia

and some parts of Asia, C. falvus and C. actoni are the primary vectors of AHSV (Mellor,
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1994). It has also been reported that C. sonorensis (formerly known as C. variipennis), which
is dominant in North America, is a highly efficient vector for AHSV in the laboratory
(Boorman et al., 1975; Wellby et al., 1996). This has raised concerns that should AHSV
viraemic animals enter areas of North America where C. sonorensis occurs (most of the
southern and western United States), the transmission of the virus is highly possible and may

have severe consequences on the equine industry (Mellor and Hamblin, 2004).

2.2.3  Clinical syndromes

After transfer of AHSV by the bite of infected Culicoides spp. midges, the virus is transported
to the lymph nodes of the animal where initial virus replication occurs. The progeny virions
are then disseminated by the bloodstream throughout the body of the animal, resulting in
infection of myocardial endothelial cells and a range of secondary organs such as the choroid
plexus, lungs, lymphoid tissues, pharynx, and spleen (Coetzer and Guthrie, 2004).
Pathogenesis and the severity of disease symptoms displayed by the infected host are
influenced by various factors that include viral tropism, the virulence of the virus strain, and

the immunological status of susceptible animals (Laegreid et al., 1993).

Four distinct clinical syndromes have been described in horses with AHS, i.e., the pulmonary
(acute), cardiac (subacute), mixed pulmonary and cardiac (cardio-pulmonary), and fever forms
(Coetzer and Guthrie, 2004). The fever form of the disease frequently occurs in horses with
some degree of pre-existing immunity or following infection with less virulent AHSV strains.
Symptoms of the fever form develop after an incubation period of 5-14 days and the affected
horses display mild to moderate fever, oedema of the supraorbital fossae, and mild depression.
The animals make a complete recovery and there is no mortality associated with this form of
the disease. The cardiac form has an incubation period of 7-14 days and results in mild fever,
as well as pericardial effusion, and oedema of the subcutaneous and intermuscular tissue of the
head, neck, and chest. Approximately 35% of horses affected with this form of the disease
recover, but mortality rates exceeding 50% have been reported. The mixed pulmonary and
cardiac form of AHS has symptoms of both forms of the disease. The mortality rate is
approximately 70%, with death occurring within 3-6 days after the onset of fever. The
pulmonary form of AHS, which occurs commonly in horses with no pre-existing immunity,
develops rapidly (within 4 to 5 days), and is characterized by respiratory distress, dyspnea,
coughing spasms, and a frothy, gelatinous exudate from the horse’s nostrils that may be tainted

with blood. The mortality rate exceeds 95%, with terminal hypothermia and death occurring
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24-48 h after the occurrence of the first clinical signs (Coetzer and Guthrie, 2004; Thompson
etal., 2012).

2.2.4  Prevention and control of AHS

Although there is currently no specific treatment for animals suffering from AHS, the virus is
non-contagious and can only be spread through the bites of infected Culicoides spp.
Consequently, control of AHS is effected through the use of insecticides and repellents to
control the vector insect population, as well as restriction of animal movement to prevent
infected animals from initiating new foci of infection, and slaughtering of viraemic animals to
prevent them from serving as sources of virus for vector insects (Mellor and Hamblin, 2004;
Robin et al., 2016; Shults et al., 2021). Another control measure is aimed at minimizing host-
vector interaction by stabling horses in insect-free facilities during times of maximum vector

activity, thereby reducing the incidence of AHS (Meiswinkel et al., 2000).

In addition to the above, control of AHS in endemic areas may be effected by the vaccination
of susceptible equines, which is considered to be the most practical and effective control
measure. In South Africa, AHS is controlled by vaccination with polyvalent, live-attenuated
vaccines that are administered twice in the first and second year of life of susceptible animals,
and annually thereafter (MacLachlan et al., 2007). The vaccine consists of two cocktails of
different AHSV serotypes, namely a trivalent (serotypes 1, 3 and 4) and a quadrivalent
(serotypes 2, 6, 7 and 8) combination. Serotypes 5 and 9 are excluded in the current vaccine
formulation due to difficulties experienced in the attenuation of serotype 5, and serotype 9
historically rarely caused disease in South Africa. However, serotypes 8 and 6, respectively,
afford a degree of cross-protection in vaccinated animals (von Teichman et al., 2010).
Although the polyvalent live-attenuated vaccine has reduced the impact of AHS in South
Africa, its use is associated with several concerns. These include the possible exchange of
genome segments with field strains that could result in new uncharacterized viruses, a high risk
of introducing new virus serotypes into non-endemic countries since the vaccine cocktails are
produced with viruses prevalent in South Africa, and the inability to distinguish (naturally)
infected and vaccinated animals (DIVA principle) (MacLachlan et al., 2007; Oura et al., 2012;
Weyer et al., 2016). These drawbacks make live-attenuated vaccines unsuitable for use in the

naive horse populations of non-endemic geographic regions such as Europe.
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To address the above concerns, various attempts have been made to develop safe and
efficacious AHSV vaccines. Subunit vaccines, based on the use of the virus outer capsid
protein VP2 and expressed by means of recombinant baculoviruses, have been investigated
(Martinez-Torrecuadrada and Casal, 1995; Scanlen et al., 2002; Kanai et al., 2014). Although
the VP2 subunit vaccines induced protection in horses, further development of these subunit
vaccines has been hampered by the low yield of soluble baculovirus-expressed VP2 protein
(du Plessis et al., 1998) and the need for potent adjuvants to enhance immunogenicity (Scanlen
etal., 2002). Consequently, the use of recombinant virus vectors as a means of vaccine delivery
has been investigated more extensively. A recombinant Venezuelan equine encephalitis virus-
derived vector, expressing the AHSV-4 outer capsid proteins VP2 and VP5, has been
developed but failed to induce neutralizing antibodies in horses (MacLachlan et al., 2007). In
contrast, immunization with recombinant canarypox virus-vectored vaccines, co-expressing
VP2 and VP5, was reported to induce complete protection in horses (Guthrie et al., 2009; El
Garch et al., 2012). Furthermore, a modified vaccinia Ankara (MVA) strain, which is
replication-deficient, was used for the expression of different AHSV antigens (VP2, VP7 and
NS3 of AHSV-4) and presented in ponies (Chiam et al., 2009). Analysis of the antibody
responses indicated that only the VP2 vaccine was capable of inducing a neutralizing antibody
response. In a study to investigate a polyvalent vaccination approach, horses were immunized
simultaneously with an MV A vector expressing VP2 of either AHSV-4 or AHSV-9 (Manning
et al., 2017). Immunization of horses with these virus vector vaccines induced neutralizing
antibodies against both AHSV-4 and AHSV-9, as well as a cross-protective response to AHSV-
6 in horses that received the MVA virus vector vaccine expressing VP2 of AHSV-9. More
recently, virus-like particles (VLPs) have been synthesized through co-expression of the four
AHSV capsid proteins (VP2, VP3, VP5 and VP7) in plants and evaluated as vaccines (Dennis
et al., 2018a; Rutkowska et al., 2019; O’Kennedy et al., 2022). These plant-produced AHSV
VLPs were shown to elicit a strong neutralizing immune response in guinea pigs (Dennis et al.,
2018b) and a weak neutralizing humoral immune response in 6-month-old foals (Rutkowska
etal., 2019). A promising strategy to generate a new generation of AHS vaccines relies on the
use of a reverse genetics approach. Despite variations in their molecular design and
methodology, the various reverse genetics systems all share a common feature, which is the
availability of cloned cDNA encoding viral genomes that can be genetically modified and
manipulated to generate live viruses containing engineered changes in their genomic nucleic
acids (Conradie et al., 2016; Calvo-Pinilla et al., 2020). This approach has been used to

generate serotyped and replication-deficient AHS vaccine strains (van de Water et al., 2015;
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Lulla et al., 2016). Protective efficacy studies with the replication-deficient virus strains in
mice showed that vaccinated mice were protected against homologous virulent virus challenge
(Lulla et al., 2016) and it was subsequently demonstrated that the virus strains also provided
protection in ponies (Lulla et al., 2017; Sullivan et al., 2021).

2.3 AFRICAN HORSE SICKNESS VIRUS (AHSV)
2.3.1 Taxonomic classification

AHSV, of which nine different AHSV serotypes have been distinguished serologically
(Mclntosh, 1958), is a member of the Orbivirus genus within the family Sedoreoviridae (order
Reovirales). Viruses within this family possess segmented double-stranded (ds) RNA genomes
(10-12 segments) that are encapsidated within non-enveloped virus particles. The virus
particles exhibit icosahedral symmetry and typically have a diameter of 55-87 nm
(Matthijnssens et al., 2022a). The Reovirales includes fifteen genera and is subdivided into
two families, based on the presence of a “turret” protein on the core particle (Matthijnssens et
al., 2022a; Matthijnssens et al., 2022b). The Sedoreovirinae family contains six non-turreted
virus genera, i.e., Cardoreovirus, Mimoreovirus, Orbivirus, Phytoreovirus, Rotavirus and
Seadornavirus. The Spinareovirinae family contains nine “turreted” virus genera, I.e.,
Aquareovirus, Coltivirus, Cypovirus, Dinovernavirus, Fijivirus, Idnoreovirus, Orthoreovirus,
Oryzavirus and Mycoreovirus. Orbiviruses differ from other members of the Reovirales by the
presence of a double-layered protein capsid, their greater sensitivity to lipid solvents and
detergents, loss of virus infectivity in mildly acidic conditions, and they are able to replicate in

both insects and vertebrates (Gorman et al., 1983).
2.3.2  Virion structure

The AHSV virion comprises two concentric protein shells, which are also referred to as the
inner and outer capsids, that surround the genome of 10 linear segments of dsSRNA (Oellerman
et al., 1970; Manole et al., 2012). The outer capsid comprises two proteins, VP2 and VP5,
which together form a continuous layer that covers the inner capsid or core. The core particle
is composed of two major (VP3 and VP7) and three minor (VP1, VP4 and VP6) proteins, in
addition to the dsSRNA genome (Manole et al., 2012).
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The structure of the AHSV-4 virion has been determined by making use of cryo-electron
microscopy and three-dimensional image reconstruction (Manole et al., 2012). The structure
of the AHSV particle was reported to be comparable to that of the Bluetongue virus (BTV),
the prototype orbivirus, of which the structure of the single- and double-shelled virus particles
has been determined by cryo-electron microscopy and X-ray crystallography (Stuart and
Grimes, 2006). The AHSV core particle can be segregated into two distinct layers. The
innermost layer is a T=1 lattice composed of 60 asymmetric dimers of the triangular-shaped
VVP3 protein that forms a complete shell while minimizing conformational distortion. The
internal VVP3 scaffold is stabilized by the outer layer of the core, which is composed of 780
VP7 monomers and arranged as 260 trimers on a T=13 lattice. The core contains the dsSRNA
genome and the transcription complexes consisting of VP1, VP4, and VVP6, each of which plays
an important role in genome RNA replication (Mertens and Diprose, 2004; Patel and Roy,
2014). The outer shell of AHSV is highly ordered and consists of globular VVP5 proteins that
are located upon each of the six-membered rings of the VP7 trimers. Manole et al. (2012)
suggested that AHSV VP5 is likely to be similar to the VP5 of BTV both in shape and fold
topology, but they were unable to make a reliable homology model of AHSV VP5 to confirm
this. Furthermore, the 180 copies of VP2 are arranged as 60 triskelion-type motifs, which are
centred directly on top of the VP7 trimers. Together, VP2 and VP5 form a continuous layer

surrounding the core. A schematic diagram of the AHSV particle is presented in Fig. 2.1.

2.3.3  The viral dsSRNA genome

The genome of AHSV comprises 10 linear dsRNA segments of varying sizes, which are
grouped into large (S1-S3), medium (S4-S6) and small (S7-S10), according to their
electrophoretic mobility through a polyacrylamide gel (Oellerman et al., 1970; Bremer, 1976).
Except for S10 and S9, each of the genome segments encodes for a single protein. The S9
genome segment of AHSV contains two overlapping open reading frames and, in addition to
VVP6, encodes the non-structural protein NS4 (Firth, 2008; Zwart et al., 2015). The S10 genome
segment of AHSV encodes for the two related non-structural proteins NS3 and NS3A via

different in-frame translation initiation sites (van Staden and Huismans, 1991).

The total length of the AHSV genome is approximately 19.5 kilobase pairs (kb) (Potgieter et
al., 2015). The 5’ untranslated regions (UTRs) of the respective genome segments range in
size between 11 and 35 base pairs (bp), whereas the 3° UTRs are 29 to 100 bp in length (Roy
et al., 1994; Potgieter et al., 2015). In contrast to BTV (Rao et al., 1983), the terminal
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hexanucleotide sequences of AHSV are not conserved throughout all of the genome segments
and comprise of 5’-GUUA/y A%u... and ... AC*/UUAC-3’ sequences (Potgieter et al., 2015).

' VP2 trimer
o VPS5 trimer
. VP7 trimer
Y Polymerase complex

consisting of VP1, VP4 and VP6
VP3

AR, Genomic RINA segment

Unidentified protein

Figure 2.1: Schematic representation of the AHSV-4 virion. The structural arrangement of the
AHSV virion was modelled based on data obtained from cryo-electron microscopy. The VP3 protein
(light blue) encloses the dsRNA segments of the AHSV genome (forest green) and the proteins of the
transcription complex, namely VP1, VP4 and VP6 (dark blue). Attached to the VP3 surface are the
VP7 trimers (light green), upon which the VP2 protein (purple) is attached. The VP5 protein (yellow)
is located in the spaces made by the VP2 lattice. The virion also has an additional density on the surface
from an unidentified protein (pale blue circles). The figure was adapted from Manole et al. (2012).
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However, similar to BTV (Roy, 1989), AHSV also contains short segment-specific sequences
with partial inverted complementarity adjacent to the terminal hexanucleotide sequences (Roy
et al., 1994). This feature is thought to play a role in determining the secondary (panhandle)
structures in the corresponding viral mMRNAs. The segment-specific secondary structures have
been suggested to act as sorting signals for the incorporation of each positive-sense mRNA
transcript into progeny viral capsids (Markotter et al., 2004; Burkhardt et al., 2014).
Alternatively, it has also been suggested that these structures may facilitate second-strand
synthesis after packaging in the viral capsid by holding the sSRNA in a panhandle structure to
guide the RNA-dependent RNA polymerase viral enzyme (Pritlove et al., 1995; Mertens and
Diprose, 2004). Moreover, these structural motifs have also been suggested to be involved in
disparate functions such as protection of the viral mMRNA against exonuclease degradation,
transcriptional regulation, and/or facilitating translational termination (Roy, 2013).

2.34  AHSV proteins

The AHSV genome encodes seven structural proteins (VP1-VP7) and four non-structural
proteins (NS1, NS2, NS3/3A and NS4). The 10 AHSV genome segments, together with their
encoded proteins and likely functions, are summarized in Table 2.1. Based on the volume of
research that has been undertaken on BTV, information on AHSV will be supplemented with

that obtained from studies undertaken on BTV in the following sections.

2.3.4.1 Outer capsid proteins

The VP2 protein, one of the two major structural proteins that form the outer capsid, is the most
variable of the viral proteins (Potgieter et al., 2003). Based on its outermost location on the
virion, VP2 is the major serotype-specific antigen (Huismans and Erasmus, 1981; Kanai et al.,
2014) and viral haemagglutinin (Cowley and Gorman, 1987). Neutralizing epitopes have been
mapped on AHSV VP2 (Bentley et al., 2000; Martinez-Torrecuadrada et al., 2001) and VP2 is
capable of eliciting neutralizing antibodies, as discussed previously (Section 2.2.4). Moreover,
VP2 is involved in the attachment of the virus to cells and has been reported to bind to a
sialoglycoprotein (Hassan and Roy, 1999; Zhang et al., 2010), heparin sulfate (Mecham and
McHolland, 2010), or sialic acid (Wu and Roy, 2022) prior to internalization of the virus
particle. In addition to its role in attachment, VP2 is also an emerging player in the control of
BTV assembly and egress from infected cells. The amino (N)-terminal of the protein interacts

with vimentin intermediate filaments and this interaction was shown to contribute to virus
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Table 2.1: AHSV-4 genome segments and encoded proteins

Genome segment

Protein(s) encoded

.. . Location Protein functions
(size in bp) (size in kDa)

S1 (3 965) VP1 (150) Core RNA-dependent RNA polymerase is responsible for RNA transcription/replication.

S2 (3 229) VP2 (123) Outer Capsid  Serotype-determining protein possesses viral haemagglutination and neutralization activity, cellular receptor binding
protein that allows for the attachment of the virus to cells.

S3 (2 792) VP3 (103) Core Subcore structural protein that controls the size and organization of the core structure, interacts with transcriptase
complex proteins and recruits VP7 to VIBs in order to promote core assembly.

S4 (1977) VP4 (76) Core Methyl transferase protein that caps and methylates the viral mMRNAs.

S5 (1 746) NS1 (63) Infected cell ~ Forms tubules during virus replication, which consist of helically coiled ribbons of dimers. Although the function of
NS1 tubules in virus replication is unclear, it may be involved in viral morphogenesis, pathogenesis and/or regulation
of viral gene expression.

S6 (1 564) VP5 (57) Outer Capsid VPS5 and VP2 form the outer capsid. VP5 induces low levels of neutralizing antibodies, and VPS5 is involved in the
permeabilization of the endosomal membrane in a pH-dependent manner to release the transcriptionally active core
particle into the cell cytoplasm.

S7 (1 167) VP7 (38) Core Forms the outer core surface and may mediate attachment of the core particle to insect cells.

S8 (1 166) NS2 (41) Infected cell ~ Forms viral inclusion bodies (VIBs), binds to ssSRNA, and possesses NTPase activity that may play a role in
providing energy for the assortment, movement, or packaging of viral mMRNA.

S9 (1 160) VP6 (38) Core Binds ssRNA and dsRNA, RNA-dependent ATPase and helicase activities that may function to unwind the dsRNA
before replication or to dissociate newly synthesized viral MRNA from template strand after synthesis.

NS4 (20) Infected cell ~ Binds dsDNA may counteract the host anti-viral response (interferon antagonist) and is a virulence determinant.

S10 (822) NS3 (23) / NS3A (22) Infected cell ~ Disrupts the plasma membrane to enable virus release, affects virulence and down-regulates the interferon response.
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transport and egress (Bhattacharya et al., 2007; Celma and Roy, 2009). It has also been
reported that the extracellular treatment of mammalian cells with a combination of VP2 and
VP5 proteins is sufficient to trigger apoptosis (Mortola et al., 2004; Vermaak and Theron,
2015). Recently, using a reverse genetics approach, van Gennip et al. (2017) reported that the
expression of VP2 in mammalian cells is not essential for virus replication in vitro. In contrast,
the lack of VP2 expression in insect cells severely hampered viral replication and abolished the

release of virions.

Although present in the outer shell, the outer capsid protein VP5 is mostly unexposed on the
surface of the virus and interacts with the core proteins (Manole et al., 2012). Despite its
location, the VVP5 protein of AHSV may also play a role in neutralization. The AHSV VP5
protein, in contrast to that of BTV (Marshall and Roy, 1990), can induce neutralizing
antibodies, albeit at lower levels than VP2 (Martinez-Torrecuadrada et al., 1999).
Consequently, AHSV VP5 may play a supportive role to VP2 in enhancing the immune
response. With regards to a biological function, studies on VP5 of BTV (Hassan et al., 2001,
Xia et al., 2021) and AHSV (Stassen et al., 2011) have shown that the protein permeabilizes
host cell membranes. This activity of VP5 is mediated by two N-terminal amphipathic helices
(Forzan et al., 2007) and low pH-induced conformational changes in VP5 (Zhang et al., 2016;
Xia et al., 2021). The ability to permeabilize membranes is believed to play a major role in
destabilizing the membrane of the endocytosized vesicle, thus allowing the release of the
transcriptionally active core particle into the cytoplasm. BTV VP5 also interacts with
membrane lipid rafts via a WHAL motif and is likely to play an important part in docking VP5
with plasma membranes for assembly and/or egress via membrane fusion (Bhattacharya and
Roy, 2008).

2.3.4.2 Major core proteins

The major core proteins, VP7 and VP3, form the outer layer of the viral core particle. Co-
expression of AHSV VP3 and VP7 in insect cells using baculovirus recombinants results in
their spontaneous assembly into core-like particles (CLPs), which structurally resemble empty
authentic AHSV cores (Maree et al., 1998; Maree et al., 2016). Of the two proteins, VP7 is
the most abundant protein in the core particle and self-assembles into trimers, which form the
outermost shell of the core (Basak et al., 1992; Manole et al., 2012). For both BTV and AHSV,
VP7 has been demonstrated to be a serogroup-specific antigen (Huismans and Erasmus, 1981,

Chumaetal., 1992). The crystal structure of a single domain, namely the top domain, of AHSV
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VP7 has been solved (Basak et al., 1996) and was found to be structurally similar to that of
BTV VP7 (Basak et al., 1992). The top domain contains a conserved surface-exposed Arg-
Gly-Asp (RGD) tripeptide, which in the case of BTV, has been demonstrated to mediate
attachment of cores to cultured Culicoides cells in the absence of the outer capsid proteins (Xu
etal., 1997; Tan et al., 2001). However, in contrast to BTV, AHSV VP7 forms flat hexagonal
crystals in the cytoplasm of virus-infected cells (Burroughs et al., 1994; Bekker et al., 2014)
and recombinant baculovirus-infected cells (Maree and Paweska, 2005; Bekker et al., 2014).
The functional significance of the VVP7 crystalline structures is not yet understood fully. It has
been proposed to represent a by-product rather than an essential component of AHSV
replication (Burroughs et al., 1994) and, more recently, it has been suggested that VP7
crystalline particles play a role in the release of AHSV from mammalian cells (Bekker et al.,
2022).

The VP3 protein is the most conserved major capsid protein among different AHSV serotypes
(Iwata et al., 1992). In addition to playing a crucial role in the structural integrity of the core
particle by providing a scaffold for the VP7 trimers, the VVP3 protein also contains group-
specific antigenic determinants (Inumaru et al., 1987), and it is capable of binding to RNA
(Loudon and Roy, 1992), the non-structural protein NS2 (Kar et al., 2004), and the structural
protein VP6 (Matsuo et al., 2018). The VP3 protein is the only viral protein that can self-
assemble into particles in the absence of other viral proteins (Kar et al., 2004). In addition to
its structural role, a recent report suggested that VP3 of BTV interferes with the induction of
the innate immune response by partially inhibiting the RIG-I-like Receptor (RLR)-dependent
signalling pathway (Pourcelot et al., 2021). Specially, VP3 was shown to interact with the
mitochondrial antiviral-signalling protein (MAVS) and the IKKe kinase, which are two of the
key components of the RLR-signalling pathway, thereby resulting in the inhibition of RIG-I-

mediated interferon-f production.

2.3.4.3 Minor core proteins

The AHSV and BTV cores are transcriptionally active and have associated RNA-dependent
RNA polymerase activity (van Dijk and Huismans, 1980; Vermaak et al., 2015). The three
minor structural proteins VP1, VP4, and VP6, which are collectively referred to as the
“transcription complex”, are candidates for the virus-directed RNA polymerase and associated
enzymes that are solely responsible for the synthesis of capped and methylated transcripts of

each dsRNA genome segment during the infection cycle (Mertens and Diprose, 2004).
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The VP1 protein is the RNA-dependent RNA polymerase (RdRp) and exhibits detectable
RNA-elongation activity in the presence of single-stranded poly(U) template and a poly(A)
primer (Roy et al., 1988; Urakawa et al., 1989). More recently, it was reported that
recombinant BTV VP1 also exhibits processive replicase activity, synthesizing complete
complementary RNA strands of in vitro-synthesized BTV ssRNA templates (Boyce et al.,
2004). Crystallographic modelling of VVP1 revealed the structure and organization of the
protein to be typical of previously described RdRps and the protein comprises a polymerase
domain (PD), N-terminal domain (NTD), and C-terminal domain (CTD) (Wehrfritz et al.,
2007; He et al., 2019). Mutagenesis studies of a catalytic Gly-Asp-Asp (GDD) motif, located
within the polymerase domain, concluded that this motif was essential to protein function
(Wehrfritz et al., 2007). Subsequent in vitro studies have indicated a degree of specificity in
the replicase activity of VP1. The BTV VP1 protein was shown to synthesize dsRNA from
BTV and rotavirus sSRNA transcripts, but not from non-virally derived sequences unless they
were fused with BTV sequences at the 5’ and 3’ termini (Matsuo and Roy, 2011). This implies
that common secondary structural elements present in the sSRNA transcripts of members of

the Sedoreoviridae family may be required for RdRp replication.

The 5’-ends of the viral MRNA are capped and methylated during transcription, thus stabilizing
the viral mRNA synthesized during virus infection and enabling efficient translation
(Muthukrishnan et al., 1975; Matsuo and Roy, 2009). The BTV VP4 protein has been reported
to possess guanylyltransferase and methyltransferase type 1 and type 2 activities, i.e., guanine-
N7-methyltransferase (N7MTase) and nucleoside-2’-O-methyltransferase (2° O MTase)
activities (Ramadevi et al., 1998; Martinez-Costas et al., 1998; Stewart and Roy, 2015). BTV
VP4 furthermore binds to GTP and displays nucleoside triphosphate phosphohydrolase
(NTPase) activity, which may be important for transcription and RNA processing (Ramadevi
and Roy, 1998). The atomic structure of BTV VP4 has been solved and reported to display an
elongated architecture with various active sites (Sutton et al., 2007). The manner in which
these active sites are organized suggests that it may allow the sequential catalytical activities
required to produce the methylguanosine cap structures on nascent viral mMRNA transcripts
(Sutton et al., 2007). The 2’ O MTase domain present in the VP4 protein of BTV has been
characterized in order to identify the residues that are important for the catalytic activity of 2’
O MTase and their influence on BTV replication was examined (Stewart and Roy, 2015). The

results indicated that single substitution mutations in the catalytic tetrad Lys-Asp-Lys-Glu (K-
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D-K-E) were sufficient to abolish 2° O MTase activity in vitro and completely inhibited BTV
replication in mammalian cells. Although the AHSV VP4 protein has not yet been studied in
any detail, the BTV and AHSV VP4 proteins share a high degree of homology (Noriko et al.,
1993) and it can therefore be expected that the functions of the AHSV and BTV VP4 proteins

may be conserved.

The third minor core protein, VP6, is a highly basic protein that is capable of binding to ATP,
sSRNA and dsRNA, and displays ATPase and helicase activities (Roy et al., 1990; Hayama
and Li, 1994; Stauber et al., 1997). AHSV VP6 contains a stretch of charged amino acids that
is capable of binding to dsSRNA (de Waal and Huismans, 2005). In the presence of a denaturing
agent, the ssSRNA and dsRNA binding activities are retained, suggesting that they occur
independently of the VP6 tertiary structure and in close association with the viral genome in
the core (Roy et al., 1990). Regions in VP6 of BTV (Hayama and Li, 1994) and AHSV
(Turnbull et al., 1996) share homology with ATPase domains of known helicases. Similar to
other helicases, BTV VP6 forms stable hexamers in the presence of nucleic acids (Kar and
Roy, 2003). The RNA-dependent ATPase and helicase functions of VP6 may therefore
mediate the unwinding of the dsSRNA genome segments ahead of the VP1 RNA-dependent
RNA polymerase and may also allow for separation of the parental and newly synthesized
RNAs following transcription (Stauber et al., 1997). Mutagenesis studies indicated that
deletion of amino acid residues 93-130 of the BTV VP6 protein, which contains an ATP-
binding/ATPase motif, abrogated ATPase activity and precluded the recovery of viable BTV
through a reverse genetics approach (Matsuo et al., 2014). Likewise, targeted mutagenesis of
a sSRNA binding motif (amino acid residues 246-258) in the VP6 protein of BTV also
precluded virus recovery (Sung et al., 2019). The results of these studies therefore not only
indicate that VVP6 is critical for virus replication, but also implicate VP6 in the packaging of
viral genomic RNA. Indeed, studies on BTV and AHSV, utilizing reverse genetics, indicated
that VVP6-deficient viruses produced empty viral particles upon infection of BSR cells and are
unable to replicate in these cells (Matsuo and Roy, 2009; Matsuo and Roy, 2013; Lulla et al.,
2016).

2.3.4.4 Non-structural proteins

The NS1 protein is synthesized abundantly and is readily assembled into tubular structures
within the cytoplasm of AHSV- and BTV-infected cells. These tubules are biochemically and

morphologically distinct from the microtubules and neurofilaments present in uninfected cells
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(Huismans and Els, 1979). The tubular structures are formed by helically coiled ribbons of
NS1 dimers (Kerviel et al., 2019). The biophysical character of the tubules differs between
BTV and AHSV. BTV tubules are 52.3 nm in diameter and 1 pm in length (Hewat et al.,
1992a; Kerviel et al., 2019), whereas AHSV tubules are thinner and longer (23 nm in diameter;
4 um in length), and they do not display the ladder-like structure characteristic of BTV NS1
tubules (Maree and Huismans, 1997). Several roles for NS1 have been proposed; however, its
function in orbivirus infection still remains unclear. It was initially suggested that NS1 is
involved in the trafficking of virus particles from the virus inclusion bodies (VIBs) to the cell
membrane prior to virus release (Eaton et al., 1990) or, alternatively, that tubules inhibit the
formation of core particles before the incorporation of minor proteins and genome segments
(Eaton et al., 1990; Hewat et al., 1992b). The NS1 protein has also been proposed to be a
major determinant of BTV pathogenesis in the vertebrate host since it augments virus-cell
association that ultimately leads to lysis of the infected cell and thereby, the release of progeny
virions (Owens et al., 2004). More recently, it was shown that a luciferase reporter gene
exhibited up-regulation of expression upon co-expression with NS1 and it appeared that NS1
enhanced BTV protein synthesis by specifically interacting with the hexanucleotides of the 3’
UTRs of BTV ssRNA transcripts (Boyce et al., 2012). Based on these results, it was suggested
that NS1 may play a crucial role in regulating viral gene expression by allowing preferential
expression of BTV transcripts through interaction with the conserved sequence at their 3’

terminus (Boyce et al., 2012).

The NS2 protein is a major component of the VIBs observed in the cytoplasm of cells infected
with AHSV and BTV (Brookes et al., 1993; Uitenweerde et al., 1995). The VIBs are believed
to be the sites at which assembly occurs since they contain sSRNA, virus structural proteins,
and incomplete virus particles (Hyatt and Eaton, 1988; Eaton et al., 1990; Kar et al., 2007).
The NS2 protein has a strong affinity for ssSRNA but not for dsSRNA (Huismans et al., 1987;
Lymperopoulos et al., 2003), suggesting that it may play a role in the recruitment of viral
mRNA prior to encapsidation. NS2 is the only virus-specific protein that binds to Ca?*
(Rahman et al., 2020) and is phosphorylated in infected cells (Huismans et al., 1987; Devaney
etal., 1988). Inthe case of BTV, phosphorylation of NS2 by Casein kinase 2 (CK2) is required
for VIB formation (Modrof et al.,, 2005). Furthermore, NS2 displays a nucleoside-
triphosphatase (NTPase) activity and can bind and hydrolyze ATP and GTP to their
corresponding nucleotide monophosphates (Horscroft and Roy, 2000; Taraporewala et al.,

2001). However, the functional importance of these enzymatic activities is not yet understood
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fully. The aforementioned properties of NS2 will be discussed in greater detail under Section

2.6 of the Literature Review, as they are related to the aims of this study.

The AHSV NS3 and NS3A proteins are encoded by the S10 genome segment from alternate
in-phase translation initiation codons and differ only with respect to 10 amino acid residues
present at the N-terminal end of NS3 (van Staden and Huismans, 1991). Interestingly,
bioinformatics analysis of the S10 genome segment of different orbiviruses indicated the
presence of an additional overlapping +1 open reading frame that encodes for a protein of 59
amino acids (Sealfon et al., 2015). Although it has been established that this protein has a
nucleolar localization, its function is not known and requires further investigation (Stewart et
al., 2015). In contrast to NS1 and NS2, the NS3 and NS3A proteins are synthesized in low
abundance in orbivirus-infected cells (Huismans, 1979; French et al., 1990; van Staden et al.,
1995). The NS3 proteins are the only virus-encoded membrane-associated proteins (Wu et al.,
1992; van Niekerk et al., 2001) and transmission electron microscopy studies revealed that the
NS3 proteins are localized to the sites of virus release in infected cells (Hyatt et al., 1993; Stoltz
etal., 1996). NS3 has also been shown to interact specifically with VP2 in newly formed BTV
virions (Beaton et al., 2002; Celma and Roy, 2009). These findings suggest a role for NS3
during the final stages of viral morphogenesis by facilitating the release of progeny virus from
infected cells. Despite its role in virus release, reports have also indicated that expression of
NS3/NS3A is not required for virus replication in both mammalian and insect cells (Feenstra
etal., 2014; van Gennip et al., 2014). Nevertheless, NS3 of BTV has been reported to interfere
with the induction of the innate immune response in non-haematopoietic cells by down-
regulating the production of type-I interferon via the RIG-I-like receptor (RLR)-dependent
signalling pathway (Chauveau et al., 2013), and more recently it was reported that both NS3
and NS4 of BTV interfere with interferon-1 signalling in the JAK/STAT pathway by targeting
the SH2 domain of STAT1 (Li etal., 2021). Moreover, the NS3 protein has also been reported
to activate the mitogen-activated protein kinase/extracellular signal-regulated kinase
(MAPK/ERK) pathway through its interaction with the serine/threonine protein kinase B-Raf,

thereby leading to increased viral replication in virus-infected cells (Kundlacz et al., 2019).

The NS4 protein was described after bioinformatics analysis of the S9 genome segment of BTV
detected an open reading frame overlapping the VVP6 gene, as well as in the VP6 cistron of
other orbiviruses such as AHSV (Firth, 2008). Characterization of the BTV NS4 protein

indicated that it rapidly accumulates in both mammalian and Culicoides insect cells and, at 4 h
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post-infection, NS4 aggregates are present throughout the cytoplasm as well as in the nucleoli
of infected cells (Belhouchet et al., 2011; Ratinier et al., 2011). Although NS4 was shown to
be dispensable for BTV replication, both in mammalian and insect cells, it nevertheless
conferred a replication advantage to BTV-8, but not to BTV-1, in cells in an interferon-induced
antiviral state (Ratinier et al., 2011). It was suggested that NS4 may play an important role in
virus-host interaction and that it may be a possible mechanism, at least by BTV-8, to counteract
the antiviral response of the host. In addition to its role as a potential interferon antagonist,
NS4 was more recently reported to be a key determinant of viral virulence (Ratinier et al.,
2016). The NS4 protein of AHSV has only been characterized recently (Zwart et al., 2015).
In contrast to BTV and other orbiviruses, the AHSV NS4 protein occurs as one of two major
types, depending on the virus serotype, and is designated as NS4-1 or NS4-1l. These iso-
proteins differ in their amino acid lengths (145 for NS4-1 and 154 for NS4-11) and are less
conserved than the NS4 protein of different BTV serotypes. Although AHSV NS4 is capable
of binding to dsDNA, the protein neither localizes to the nucleolus nor does it associate with
cytoplasmic lipid droplets (Zwart et al., 2015). Interestingly, Boughan et al. (2020) suggested
that the NS4 protein of AHSV might play a role in interfering with cellular factors involved in
signalling related to the innate immune response. The NS4 protein was shown to co-localize
with promyelocytic leukaemia nuclear bodies (PML-NBs), which are nuclear bodies involved
in antiviral responses against a variety of DNA and RNA viruses (Boughan et al., 2020). It
was subsequently shown that NS4 of AHSV disrupts JAK/STAT signalling by interfering with
the phosphorylation and/or translocation of STAT1 and pSTATL into the cell nucleus (Wall et
al., 2021). Such a role for AHSV NS4 would be in agreement with reports indicating that the
NS4 protein of BTV acts as a type | interferon antagonist (Rojas et al., 2021; Li et al., 2021).

2.5 ORBIVIRUS INFECTION CYCLE

Although there are considerable differences in several of the replicative processes of members
of the Sedoreoviridae family, the overall strategy appears to be the same. Using BTV as a
model for orbivirus replication and morphogenesis (Fig. 2.2), four major events in the
replication cycle of orbiviruses have been identified and are discussed below in greater detail.
These events are: adsorption and penetration, uncoating and formation of replicative
complexes, formation of virus tubules and virus inclusion bodies, and movement of the virus

to, and release from, the cell surface (Mertens, 2004; Patel and Roy, 2014).
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Figure 2.2: Schematic diagram representing the orbivirus replication cycle. The adsorption of the
virus involves sialic acid and/or other receptors in the cell membrane of susceptible host cells.
Following attachment, the virus particle enters the cell via clathrin-mediated endocytosis or
macropinocytosis and is incorporated within an early endosome. The acidic pH inthe endosome causes
the loss of VP2 and mediates VP5 membrane permeabilization, which results in the uncoating of the virion
and release of the transcriptionally active core particle into the host cell cytoplasm. Transcription and
translation of viral proteins occur by making use of the host cell machinery. NS1 forms tubules and
NS2 assembles the viral inclusion body (VIB) where components for core assembly are concentrated.
Assembled core particles are then trafficked from the VIB on exocytotic vesicles by NS3 interaction
with cellular calpactin. During this process, the outer capsid proteins VP5 and VP2 are acquired to
produce mature virions. The virions are subsequently released via lysis or budding for the cells. The
figure was adapted from Patel and Roy (2014).
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In mammalian cells, the binding and internalization of BTV is mediated by the outer capsid
VP2 protein (Huismans and van Dijk, 1990; Hassan and Roy, 1999). It has been reported
previously that VP2 attaches to sialoglycoproteins (Hassan and Roy, 1999; Zhang et al., 2010)
or heparin sulfate (Mecham and McHolland, 2010) of mammalian cells prior to internalization.
However, more recently, VP2 was shown to bind to a2,3-linked and a2,6-linked sialic acids
and a putative binding site in VP2 was mapped to amino acid residues 185 to 194 (Wu and
Roy, 2022). The virus then enters the cell through AP2-dependent clathrin-mediated
endocytosis (Forzan et al., 2007) or via a macropinocytosis-like entry route that is dependent
on actin and dynamin (Gold et al., 2010; Vermaak et al., 2016; Stevens et al., 2019). In both
instances, the virus is incorporated in early endosomes. The low pH (6.0-6.5) within early
endosomes has been proposed to disturb the interactions between VP2 and VPS5, thereby
facilitating the detachment of the VP2 (Zhang et al., 2016; Wu et al., 2019). Together with a
further lowering of the pH (5.5) in the late endosome, the subsequent removal of VP2 causes
VP5 to refold and results in the outward protrusion of barb-like structures, which are referred
to as stalks, from the particle surface with the VVP5 protein trimers remaining tethered to the
particle by anchoring domains (Zhang et al., 2016). Insertion of the stalk tip into the endosomal
membrane causes membrane-disruptive interactions that ultimately lead to the formation of a
pore in the endosomal membrane through which the uncoated core particle is released into the
cytoplasm (Zhang et al., 2016; Xia et al., 2021). The replication of BTV is subsequently
initiated by the synthesis and extrusion of capped and methylated mRNA from transcriptionally
active cores within the cytoplasm and requires the enzyme activities encoded by VP1 (RNA-
dependant RNA polymerase), VP4 (capping-enzyme) and VP6 (helicase) (Mertens and
Diprose, 2004). The first viral proteins can be detected in the cell between 2-4 h post-infection,
after which the rate of viral protein synthesis increases until 11-13 h post-infection (Huismans,
1979; Huismans and van Dijk, 1990). The mRNA transcripts function not only to encode
proteins but are also used as templates for the production of negative sense strands to form the

dsRNA genome segments encapsidated in the progeny virions (Mertens and Diprose, 2004).

For BTV, it has been suggested that the mechanism whereby viral mRNAs are selected and
encapsidated prior to replication relies on a packaging order of the respective BTV ssRNA
segments. Specifically, it was demonstrated that among all of the BTV genome segments, S10,
the smallest genome segment with the longest UTRsS, initiates RNA packaging. By making use
of an in vitro RNA-RNA interaction assay system, it was shown that S10 plays a crucial role

in first recruiting the other smaller RNA segments, probably by forming a complex or
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complexes that then interact with larger segments (Sung and Roy, 2014). It was subsequently
reported that nuclease-resistant oligoribonucleotides (ORNs) complementary to the 3° UTR of
BTV mRNAs significantly inhibited virus replication without affecting protein synthesis
(Fajardo et al., 2015). Notably, the exchange of 3’ UTRs between segments demonstrated that
RNA recognition was segment-specific, most likely acting as part of the secondary structure of
the entire genomic segment (Burkhardt et al., 2014; Fajardo et al., 2015). These data suggest
that genome packaging occurs via the formation of supramolecular complexes that form by the
interaction of specific sequences located in the 3’ UTRs of individual RNAs, after which the
RNA complex is packaged into the assembling core particle through protein-RNA interactions.
Although NS2 has long been believed to play a role in the selection and packaging of viral
RNA, recent reports have implicated the minor core protein VVP6 as being essential for genome
packaging (Matsuo and Roy 2013; Matsuo et al., 2018; Sung et al., 2019). These reports have
indicated that VP6 binds to ssSRNA, in addition to dsRNA, and interacts with VP3. It was
therefore suggested that VP6 may act to bridge the captured RNA with the assembling core
particle and thereby result in the packaging of the viral genome into the virus particle (Sung et
al., 2019).

Soon after the initiation of the translation of BTV mRNAs, granular matrix structures
accumulate near the core particles. These VIBs increase both in size and number as the viral
infection progresses (Eaton et al., 1990). In addition to VIBs, NS1-rich tubules form part of
the “insoluble” phase in the cell and become a characteristic structure of cells in the early stages
of infection (Huismans and Els, 1979; Eaton et al., 1988). Newly synthesized viral transcripts,
major and minor core proteins, as well as assembled cores and subcores have been identified
in the VIBs and they are therefore recognized as the sites of orbivirus replication and early
virus assembly (Hyatt and Eaton, 1988; Kar et al., 2007). The assembly of the BTV VP3
subcore has been reported (Kar et al., 2004). VVP3 was reported to have three distinct domains,
i.e., an apical, a carapace, and a dimerization domain. The dimerization domain mediates the
formation of VP3 dimers, which pack together in decamers to form the icosahedral structure
of the VP3 layer. Although it has been reported that BTV VP3 can bind to ssSRNA (Loudon
and Roy, 1992), it was more recently reported that BTV RNAs failed to associate with VP3
decamers (Kar et al., 2004). Consequently, it was suggested that assembly of the BTV core
may begin with a complex formed by minor core proteins and the VVP3 decamers and that these
assembly intermediates recruit the viral RNA prior to completion of VP3 subcore assembly
(Kar et al., 2004; Matsuo et al., 2018; Sung et al., 2019). Although co-expression of the BTV
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structural proteins with NS2 indicated that VP7 requires co-expression of VP3 to be recruited
to the VIBs (Kar et al., 2007), little is known regarding the exact mechanism whereby VP2 and
VP5 are added to the developing virus particle. Initial reports indicated that neither of these
outer capsid proteins has an affinity for the VIBs (Modrof et al., 2005; Kar et al., 2007). It was
therefore suggested that the VP5 and VP2 proteins are added to the core particles at the
periphery of the VIBs (Kar et al., 2007), while a subsequent report indicated that VP5 of BTV
associates with lipid rafts in the plasma membrane and that the core particles are transported to
these sites for the final assembly of the outer capsid proteins (Bhattacharya and Roy, 2008).
More recently, however, it was reported that VVP5 is indeed associated with VIBs and that NS3
can also be observed in VIBs during the early stages of replication before being re-localized to
the periphery of the VIBs during later stages of replication (Mohl et al., 2020). In this case, it
was suggested that the addition of VP5 may stabilize the core particles and prevent
transcription from the newly assembled core particles, whereas NS3 could function as a bridge
between the immature particles and VP2 and transport the newly formed particles to the plasma
membrane. The localization of VP2 was not addressed in the study and it, therefore, remains
unclear where, and how VP2 is added to the particles to generate mature virus particles.

Investigations regarding virus release from mammalian cells have demonstrated a strong
correlation between the presence of NS3 and NS3A, and virus release (Hyatt et al., 1989; Stoltz
et al., 1996). The virions may leave infected cells in one of two ways. Early after infection,
when the host cell metabolism is not completely inhibited and the integrity of the host plasma
membrane is maintained, progeny virions have been observed to bud through the plasma
membrane surface and acquire a transient envelope. Alternatively, during the later stages of
infection, when the integrity of the plasma membrane is not maintained, non-enveloped virions
can be released by extrusion through the locally disrupted plasma membrane surface (Hyatt et
al., 1989; Han and Harty, 2004). The NS3 protein of BTV has also been shown to interact with
the cellular proteins p11 and Tsg101, and these interactions were furthermore shown to assist
in the egress of virus particles from infected cells in a non-lytic manner (Beaton et al., 2002;
Wirblich et al., 2006; Celma and Roy, 2009; Celma and Roy, 2011). More recently, it has been
reported that in some cell types, the majority of BTV particles are released in extracellular
vesicles and it was subsequently shown that inhibition of multivesicular bodies (MVBs) or
autophagous lysosomes decreased the release of infectious extracellular vesicles (Labadie and

Roy, 2020). Based on the data, it was suggested that nascent BTV particles transit through the
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MVBs towards the lysosomes, after which lysosomes carrying the virus are trafficked to the

cell membrane and then released as extracellular vesicles.

2.6 THE NON-STRUCTURAL PROTEIN NS2

Since NS2 is the focus of this study, the following sections will discuss in greater detail the
structure, properties and possible roles of the NS2 protein in virus replication and
morphogenesis. The information on AHSV NS2 will be supplemented, where applicable, with

information obtained from studies on NS2 of BTV.

2.6.1  Structure of NS2

A combination of sedimentation analyses and non-reducing SDS-polyacrylamide gel
electrophoresis has indicated that the NS2 protein of both BTV and AHSV is a 7S homo-
multimer with inter- and intra-molecular disulfide bonds and consists of approximately six to
eight NS2 molecules (Uitenweerde et al., 1995; Taraporewala et al., 2001). The tendency of
NS2 to form higher oligomers of variable size has prohibited structural analysis of the full-
length NS2 protein. Nonetheless, structural analyses of the N-terminal and C-terminal domains
of the BTV NS2 protein have been undertaken. Butan et al. (2004) reported a high-resolution
structure of the N-terminal domain (amino acid residues 1-182) of NS2 from BTV. The crystal
is composed of infinite chains of the N-terminal domain that form a spiral. The structure is a
B-sandwich, and two extensive interfaces were described. One of these involves the extension
of the B-sheet and the second involves an arm that links one protein molecule to the next,
thereby generating oligomers that span the crystal. Mumtsidu et al. (2007) reported a low-
resolution envelope, obtained from small-angle X-ray scattering measurements (SAXS), of the
C-terminal domain (amino acid residues 178-354) of NS2. The C-terminal domain was
modelled to likely be positioned on the inside of the spiral configuration of the N-terminal
domain, which would prevent the spiral from closing. This configuration would prevent the
NS2 protein from forming oligomers that consist of more than 10 to 12 monomers (Mumtsidu
et al., 2007).
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2.6.2  Properties of NS2
2.6.2.1 NTPase enzymatic activity of NS2

As mentioned previously, BTV NS2 displays phosphohydrolase activity and can bind and
hydrolyze both ATP and GTP to their corresponding nucleotide monophosphates (Horscroft
and Roy, 2000). It was furthermore reported that the hydrolysis of these substrates by NS2 is
dependent on divalent ions (such as Ca%*, Mg?* and Mn?*) and that ouabain, an inhibitor of
cellular ATPases, did not abolish the ATPase activity of NS2 (Horscroft and Roy, 2000). In a
subsequent study, purified Escherichia coli-expressed BTV NS2 was shown to non-
specifically hydrolyze the a-, B- and y-phosphodiester bonds of all four nucleotide
triphosphates to their corresponding nucleotide monophosphates (Taraporewala et al., 2001).
The recombinant NS2 displayed higher efficiency for the hydrolysis of ATP as compared with
the other nucleotides for which NS2 has a preference in the order GTP > UTP/CTP. The
regions of NS2 responsible for this enzymatic activity have not yet been mapped, but a
truncated BTV NS2 protein that lacked the first 177 amino acids at the N terminus was still
able to hydrolyze NTPs (Mumtsidu et al., 2007). Although the functional importance of the
NTPase activity of NS2 is not yet known, it has been suggested that the enzyme activity may
play a role in providing energy for the assortment, transportation, packaging, or condensation
of bound ssRNA (Horscroft and Roy, 2000).

2.6.2.2 RNA binding activity of NS2

Various early studies regarding the ssSRNA binding ability of NS2 have indicated that the
protein has a non-specific affinity for sSRNA. NS2 purified from cells infected with BTV
(Huismans et al., 1987), as well as NS2 of AHSV, BTV, and Epizootic haemorrhagic disease
virus (EHDV) expressed by recombinant baculoviruses (Uitenweerde et al., 1995), binds to
poly(U)-Sepharose. Moreover, BTV NS2 is also capable of binding to in vitro-synthesized
transcripts derived from plasmid DNA (Thomas et al., 1990) and rotavirus gene 8 ssSRNA
(Taraporewala et al., 2001). Subsequent studies have, however, indicated a degree of
specificity in the NS2-ssRNA interaction. In this regard, competition UV cross-linking studies
using radiolabelled BTV ssRNA and NS2 produced during virus replication in mammalian
cells (Theron and Nel, 1997), as well as similar assays performed in vitro using purified
baculovirus-expressed NS2 protein (Lymperopoulos et al., 2003) concluded that NS2 bound
preferentially to BTV ssRNA. The specificity of interactions between NS2 and ssRNA

transcripts derived from genome segments S6, S8, S9 and S10 was also investigated in greater
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detail. Different stem-loop structures in the respective BTV ssRNA transcripts were shown to
be recognized by NS2, suggesting that NS2-ssRNA interaction is dependent on the sSRNA
structure and that the structural interactions between NS2 and the different BTV ssRNA
segments are likely to be independent events (Lymperopoulos et al., 2006).

Studies aimed at identifying the ssRNA binding domains within NS2 have also been
undertaken and these have indicated that the N terminus appears to be important for SSRNA
binding. Truncated BTV NS2 with N-terminal deletions (up to amino acid residue 92) lost
their ability to bind sSRNA (Zhao et al., 1994). In addition, a short nine-amino-acid sequence,
found within the NS2 of various orbiviruses and that resides within the N-terminal 92-amino-
acid region, was shown through deletion and site-directed mutagenesis to be important for NS2
interaction with sSRNA (Theron et al., 1996). Furthermore, three regions within the BTV NS2
amino acid sequence, of which two are located in the N-terminal region (amino acid residues
2-11 and 153-166, respectively) and one in the C-terminal region (amino acid residues 274-
286), were identified by deletion mutagenesis as being important for the binding of sSRNA
(Fillmore et al., 2002). Deletion of singular domains reduced the affinity of NS2 toward
sSRNA, and deletion of all three domains completely eliminated the ability of NS2 to bind to
ssSRNA. This data, therefore, suggests that sequential domains of NS2 may bind ssRNA in a
cooperative manner, rather than ssRNA binding being mediated by a single domain (Fillmore
et al., 2002). In accordance with the apparent importance of the N-terminal region of NS2 for
sSRNA binding activity, a recent report identified two consecutive arginine residues (Arg-6
and Arg-7) in the N terminus of BTV NS2 that was shown to be required for specific binding
of NS2 to ssRNA derived from viral genome segment 10 (Rahman et al., 2022). Whether these
two arginine residues are also important for the binding of NS2 to other viral sSRNAs was,
however, not investigated. Nevertheless, the study did report that non-specific sSSRNA-binding
occurs to lysine residues at positions 160/162 and 281/283, which corresponds to the ssSRNA
binding domains mapped previously by Fillmore et al. (2002).

Due to its sSRNA binding activity, NS2 has long been thought to be involved in the sorting,
recruiting, or packaging of viral mMRNA. However, recent evidence has indicated that BTV
structural proteins and RNA segments alone can assemble to form infectious particles in the
absence of the NS2, and the structural protein VP6 has been implicated as playing an essential
role in the packaging of viral mMRNA (Matsuo and Roy, 2009; Matsuo and Roy, 2013; Sung et
al., 2019). Consequently, it would appear that NS2 could serve to recruit virus sSSRNAs
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selectively from other RNA species within the cytoplasm of infected cells during virus
replication and therefore may play a role in vivo as a condenser of the necessary components

(viral mRNA and proteins) required for virion assembly in the host cytoplasm.

2.6.2.3 Virus inclusion body (VIB) formation

In AHSV- and BTV-infected cells, VIBs are observed as large, electron-dense perinuclear
structures in the cell cytoplasm (Breese et al., 1969; Eaton et al., 1990; Brookes et al., 1993).
VIBs can be detected as early as 4 h post-infection and increase both in size and number as the
infection progresses, with the most significant increase occurring between 12-20 h post-
infection (Eaton et al., 1990; Brookes et al., 1993). The NS2 protein is the predominant
component of VIBs and expression of NS2, in the absence of other viral proteins in both insect
and mammalian cells, results in the formation of inclusion bodies (IBs) that are
indistinguishable from VIBs found in virus-infected cells (Thomas et al., 1990; Brookes et al.,
1993; Uitenweerde et al., 1995; Modrof et al., 2005). These results, therefore, indicate that the
NS2 proteins are the minimal components required to form VIBs. In addition to NS2, the four
subcore viral proteins (VP1, VP3, VP4 and VVP6), core protein VP7, outer capsid protein VP5,
BTV mRNA transcripts, as well as assembled subcores and cores have been identified in the
VIBs (Hyatt and Eaton, 1988; Kar et al., 2007; Mohl et al., 2020). Consequently, VIBs are
considered the sites where viral assembly occurs. It has also been shown that truncated NS2
proteins lacking N-terminal (amino acid residues 1-115 or 1-237) and C-terminal (amino acid
residues 116-357 or 238-357) fragments were impaired in their ability to form IBs.
Interestingly, expression of the N-terminal (1-115) and C-terminal (116-357) deletion NS2
mutants in mammalian cells, which had been infected with BTV, was shown to result in a
marked reduction in overall virus yield and therefore indicates that virus replication was
adversely affected (Kar et al., 2007).

2.6.2.4 NS2 protein phosphorylation

The NS2 protein is the only orbivirus protein that undergoes phosphorylation during virus
replication (Huismans et al., 1987), and subsequent studies have indicated that NS2 expressed
in insect cells by recombinant baculoviruses is also phosphorylated (Thomas et al., 1990;
Theron et al., 1994). Notably, NS2 expressed in orbivirus-infected cells and NS2 expressed in
insect cells shared the same phosphorylated peptides, indicating that phosphorylation of the
same residues occurs in both cell types. Serine residues were identified as the phosphorylated
amino acids in both BTV and AHSV NS2 hydrolysates (Devaney et al., 1988), and the sites of
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BTV NS2 phosphorylation have been identified as Ser-249 and Ser-259, located within the C-
terminal segment of the protein (Modrof et al., 2005; Mumtsidu et al., 2007).

The NS2 protein lacks autokinase activity since an unphosphorylated form of EHDV NS2,
obtained by expressing the NS2 gene in E. coli, could only be phosphorylated in vitro by a
protein kinase associated with the cytoplasm of insect cells (Theron et al., 1994). Likewise,
unphosphorylated BTV NS2 also expressed in E. coli, could be phosphorylated by cellular
kinases when mixed with a cytoplasmic extract from uninfected mammalian cells
(Taraporewala et al., 2001). These results, therefore, ruled out the phosphorylation of NS2 by
another orbivirus protein but suggested that the NS2 protein is phosphorylated by a ubiquitous
cellular protein kinase. The protein kinase responsible for BTV NS2 phosphorylation has since
been identified as casein kinase 2 (CK2), as evidenced by the use of CK2-specific inhibitors
that significantly reduced NS2 phosphorylation (Modrof et al., 2005; Mohl and Roy, 2016).

In contrast to EHDV, where phosphorylation of the NS2 protein appears to down-regulate its
sSRNA binding ability (Theron et al., 1994), the phosphorylation of BTV NS2 does not affect
its ability to bind to ssRNA (Thomas et al., 1990; Modrof et al., 2005). However,
phosphorylation of the BTV NS2 protein appears to be essential for the ability of the protein
to form VIBs. In contrast to phosphorylated NS2 that exhibited VIB formation, an
unphosphorylated version of the protein failed to assemble as VIBs and partially
phosphorylated NS2 produced irregular VIB-like structures (Modrof et al., 2005). In a
subsequent study, it was reported that protein phosphatase 2A (PP2A) is involved in BTV NS2
dephosphorylation and, together with CK2, regulates VIB morphology (Mohl and Roy, 2016).
It was postulated that whereas phosphorylation of BTV NS2 is required for VIB formation,
dephosphorylation of the protein may allow for the disassembly of the VIBs with subsequent

release of the assembled viral cores and incomplete virus particles (Mohl and Roy, 2016).

Recently, Rahman et al. (2020) reported that the NS2 protein of BTV, which had been
expressed in E. coli, is capable of binding Ca®* efficiently by means of an atypical EF-hand-
like Ca?* binding motif that is located in the C-terminal region of the protein (amino acid
residues 200-300). A DDDE amino acid sequence (residues 250-253) that is in juxtaposition
of a serine residue known to be phosphorylated (Ser-249) was implicated in the Ca?* binding
activity of NS2 since substitution of the consecutive Asp residues and the Glu residue with four

alanine residues affected the Ca®* binding activity significantly (Rahman et al., 2020).
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Although it was also shown that binding of Ca?" increases the phosphorylation level of the
purified E. coli-expressed NS2 protein by CK2 in an in vitro phosphorylation assay,
recombinant BTV obtained through a reverse genetics approach displayed a reduced level of
NS2 phosphorylation and VIB assembly. Based on the results, it was proposed that Ca?*
binding affects the phosphorylation level of NS2 and therefore has a role in regulating VIB
assembly (Rahman et al., 2020).

2.7 AIMS OF THE STUDY

Although orbiviruses and especially AHSV are important pathogens of domestic and native
animals (Coetzer and Guthrie, 2004; Clemmons et al., 2021), much still remains to be
elucidated regarding the molecular mechanisms that underlie virus replication and assembly in
infected cells. The non-structural proteins are thought to play an important role in the
replication cycle of these viruses, and information obtained for BTV suggests that the NS2
protein may be of particular relevance in these processes. In contrast, limited information is
available regarding the functional importance and relevance of the NS2 protein of AHSV. In
the past, studies were aimed at characterizing the properties of the AHSV NS2 protein and the
results from these studies have indicated that the protein is phosphorylated at serine residues
in the C terminus, is capable of binding sSRNA, and is the principal component of cytoplasmic
VIBs in virus-infected cells (Devaney et al., 1988; Theron et al., 1994; Uitenweerde et al.,
1995). The current study therefore aimed to cross the divide between the known properties of
the AHSV NS2 protein and determine the functional importance of these properties. As a first
step, the functional significance of NS2 protein phosphorylation on the formation of VIBs,
which are believed to be the sites in which virus replication and morphogenesis occur (Hyatt
and Eaton, 1988; Kar et al., 2007), was investigated. Notably, recombinant NS2, expressed by
the baculovirus expression system, has been reported to form intracellular inclusion bodies
(IBs) in insect cells that are identical to VIBs of AHSV-infected cells (Uitenweerde et al.,
1995) and NS2 is phosphorylated at the same residues in both mammalian and insect cells
(Devaney et al., 1988; Theron et al., 1994). It can therefore be envisaged that a combination
of mutagenesis and re-expression of phosphorylation-deficient AHSV NS2 protein by
baculovirus recombinants would allow for a focused understanding of the functional
importance of NS2 phosphorylation on the formation of VIBs. Consequently, towards the
long-term goal of mapping the role of NS2 in the AHSV replication cycle, the primary aim of
this study was to generate and evaluate NS2 mutants lacking phosphorylated amino acids with
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respect to their ability to form intracellular inclusion bodies. The aim was addressed by the

following specific objectives:

e Identification of the kinase responsible for NS2 phosphorylation

e |dentification of putatively phosphorylated serine residues

e Construction and characterization of mutant NS2 genes with serine-to-alanine and
serine-to-aspartate mutations

e Construction and characterization of recombinant baculoviruses expressing wild-type
and mutant NS2 proteins

e Evaluation of the phosphorylation status of wild-type and mutant NS2 proteins

o Evaluation of the ability of wild-type and mutant NS2 proteins to form inclusion bodies
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CHAPTER THREE

MATERIALS AND METHODS
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3.1 Bacterial strains and plasmids

The bacterial strains and plasmids used in this study are listed in Table 3.1. The Escherichia
coli strains were routinely cultured at 37°C with shaking at 200 rpm in Lysogeny Broth (LB:
1% [wiv] tryptone; 1% [w/v] NaCl; 0.5% [w/v] yeast extract; pH 7.4). Bacterial colonies were
maintained at 4°C on LB agar (LB containing 1.2% [w/v] bacteriological agar) or at -80°C as
glycerol cultures. For plasmid DNA selection and maintenance in E. coli, the medium was
supplemented with ampicillin, kanamycin, gentamycin, or tetracycline as indicated in the text.
All antibiotics were obtained from Sigma-Aldrich.

Recombinant plasmid pJET-S8 was obtained from Prof. J. Theron (Department of
Biochemistry, Genetics and Microbiology, University of Pretoria). This recombinant plasmid
comprises a pJET1.2/blunt cloning vector backbone that harbours a cloned copy of the full-
length NS2 open reading frame (ORF) encoded by genome segment S8 of AHSV-4. The
cloned NS2 gene is flanked by EcoRI and Xhol restriction endonuclease recognition sequences.
The pJET1.2/blunt cloning vector was obtained from Thermo Scientific, whereas the pET-
26b(+) bacterial expression vector and the pFastBac HTa bacmid donor vector were obtained

from Novagen and Invitrogen, respectively.

3.2 Construction of a tailored AHSV-4 NS2 gene for expression in E. coli

Although the NS2 gene of AHSV-4 had been cloned previously into the pJET1.2/blunt cloning
vector, the restriction enzyme recognition sequences flanking the insert DNA are not
compatible with those required for cloning of the NS2 gene into the pET-26b(+) bacterial
expression vector used in this study. Moreover, to enable purification of the NS2 protein, the
stop codon had to be deleted in order for the NS2 coding sequence to be cloned in-frame with
the C-terminal hexahistidine tag present in the pET-26b(+) bacterial expression vector. The
strategy used for the construction and characterization of the tailored NS2 gene lacking the stop

codon is detailed below.

3.2.1  Primers

Primers used to amplify a tailored version of the NS2 gene were designed based on the
nucleotide sequence of the AHSV-4 NS2 gene (GenBank Accession no. KM820856; van de
Water et al., 2015). The primers were designed with DNAMAN v.4.0 software (Lynnon
Biosoft). To facilitate cloning procedures, either a Xhol or Ndel restriction endonuclease

recognition sequence was included at the 5’ terminus of the respective primers. The primers

37



Table 3.1 Bacterial strains and plasmids used in this study

Strains or Plasmids Characteristics Reference

Strains:

E. coli DH5a Cloning host: F~¢80lacZAM15 A(lacZYA-argF)U169 recAl endAl hsdR17(rk-,  Invitrogen
mk*) phoA supE44 X thi-1 gyrA96 relAl

E. coli BL21(DE3) Expression host: F-ompT hsdSs (rs™, ms~) gal dcm (DE3) Novagen

E. coli DH10Bac Production _of recombinant bacmids: FmcrA  A(mrr-hsdRMS-mcrBC)  Invitrogen
®80lacZAM15 AlacX74 recAl endAl araD139 A(ara, leu)7697 galU galK ArpsL
nupG/pMON7124

Plasmids:

PET-26b(+) E. coli expression vector: f1 ori, pBR322 ori, lacl, Kan', C-terminal 6 x Histag, T7 Novagen
RNA polymerase promoter

pFastBac HTa Bacmid donor vector: f1 ori, pUC ori, Amp', Gent', N-terminal 6 x His tag, Tn7R  Invitrogen

pJET1.2/blunt
pJET-S8
pJET-NS2
PET-NS2
pJET-NS2 S-A256

pJET-NS2 S-A258

pJET-NS2 S-A262
pJET-NS2 S-A270
pJET-NS2 S-A256,258

pJET-NS2 S-D256
pJET-NS2 S-D258
pPJET-NS2 S-D256,258
PFB-NS2 S-A256
PFB-NS2 S-A258
PFBNS2 S-A262
PFB-NS2 S-A270
PFB-NS2 S-A256,258
PFB-NS2 S-D256
PFB-NS2 S-D258

pFB-NS2 S-D256,258

PFB-NS2

and Tn7L borders, SV40 polyadenylation signal, polyhedrin promoter

Blunt end cloning vector for PCR amplicons: pMB1 replicon, Amp', eco47IR
lethal gene for positive selection

pJET1.2 harbouring the full-length NS2 open reading frame (ORF), flanked by a
EcoRI and Xhol restriction enzyme recognition sequences

AHSV-4 NS2 ORF lacking the stop codon and flanked by Ndel and Xhol restriction
enzyme recognition sequences blunt-end cloned into pJET1.2

pET-26b(+) harbouring the truncated NS2 ORF from pJET-NS2 cloned into the
Ndel and Xhol sites in frame with the C-terminal His tag sequence

pJET-S8 harbouring Ser-to-Ala mutation at residue 256 in NS2 ORF

pJET-S8 harbouring Ser-to-Ala mutation at residue 258 in NS2 ORF

pJET-S8 harbouring Ser-to-Ala mutation at residue 262 in NS2 ORF

pJET-S8 harbouring Ser-to-Ala mutation at residue 270 in NS2 ORF

pJET-S8 harbouring Ser-to-Ala mutations at residues 256 and 258 in NS2 ORF
pJET-S8 harbouring Ser-to-Asp mutation at residue 256 in NS2 ORF

pJET-S8 harbouring Ser-to-Asp mutation at residue 258 in NS2 ORF

pJET-S8 harbouring Ser-to-Asp mutation at residues 256 and 258 in NS2 ORF
pFastBac HTa harbouring mutant NS2 gene from pJET-NS2 S-A256 cloned into the
EcoRI and Xhol sites in frame with the N-terminal His tag sequence

pFastBac HTa harbouring mutant NS2 gene from pJET-NS2 S-A258 cloned into the
EcoRI and Xhol sites in frame with the N-terminal His tag sequence

pFastBac HTa harbouring mutant NS2 gene from pJET-NS2 S-A262 cloned into the
EcoRI and Xhol sites in frame with the N-terminal His tag sequence

pFastBac HTa harbouring mutant NS2 gene from pJET-NS2 S-A270 cloned into the
EcoRI and Xhol sites in frame with the N-terminal His tag sequence

pFastBac HTa harbouring mutant NS2 gene from pJET-NS2 S-A256,258 cloned
into the EcoRI and Xhol sites in frame with the N-terminal His tag sequence

pFastBac HTa harbouring mutant NS2 gene from pJET-NS2 S-D256 cloned into the
EcoRI and Xhol sites in frame with the N-terminal His tag sequence

pFastBac HTa harbouring mutant NS2 gene from pJET-NS2 S-D258 cloned into the
EcoRI and Xhol sites in frame with the N-terminal His tag sequence

pFastBac HTa harbouring mutant NS2 gene from pJET-NS2 S-D256,258 cloned
into the EcoRI and Xhol sites in frame with the N-terminal His tag sequence

pFastBac HTa harbouring wild-type NS2 gene from pJET-S8 cloned into the EcoRl
and Xhol sites in frame with N-terminal His tag sequence

Thermo Scientific
Prof J Theron
(unpublished)
This study

This study

This study

This study

This study
This study
This study

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study

This study
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are indicated in Table 3.2 and were synthesized by Ingaba Biotechnical Industries.

3.2.2  Polymerase chain reaction (PCR)

The PCR reaction mixture (50 pl) contained 4 ng of pJET-S8 plasmid DNA as template, 10
MM of each primer, TailorNS2-F and TailorNS2-R (Table 3.2), 10 pl of 5 x Phusion HF
Reaction Buffer, each deoxynucleoside triphosphate (dNTP) at a concentration of 200 pM, and
1 U of high-fidelity Phusion DNA polymerase (2 U/ul; Thermo Scientific). The tubes were
placed in a BioRad T100 thermal cycler. Following initial denaturation at 98°C for 30 s, the
reactions were subjected to 30 cycles of denaturation at 98°C for 10 s, primer annealing at 55°C
for 30 s and primer extension at 72°C for 4 min. After the last cycle, the reaction was kept at
72°C for 10 min to ensure complete synthesis of all DNA strands. As a negative control, an

identical reaction was included except that the template DNA was omitted.

3.2.3  Agarose gel electrophoresis

The PCR reaction mixtures were analyzed by agarose gel electrophoresis (Sambrook and
Russell, 2001). A horizontal 1% (w/v) agarose gel (Agarose LM; Lasec) was cast and
electrophoresed at 100 V in 1 x TAE buffer (40 mM Tris-HCI; 20 mM NaOAc; 1 mM EDTA,;
pH 8.5). The agarose gel was supplemented with ethidium bromide (0.5 pg/ml) to allow for
visualization of the DNA, and gel images were captured with the Gel DOC EZ Imager system
(BioRad). The PCR amplicon was sized according to its migration in the agarose gel as
compared to that of a standard DNA molecular marker, namely 1 kb DNA Ladder (New
England Biolabs).

3.2.4  Purification of amplicon from the agarose gel

The GeneJET Gel Extraction Kit (Thermo Scientific) was used to purify the PCR amplicon
from an agarose gel, according to the manufacturer’s instructions. Briefly, the amplicon was
excised from the agarose gel using a scalpel blade and the gel slice was placed into a 1.5-ml
Eppendorf tube. For each 100 mg of agarose gel, one volume of Binding Buffer was added,
and the tube was incubated at 60°C for 10 min. The melted agarose solution was centrifuged
through a GeneJET Purification column at 14 000 rpm for 1 min. The column was washed
twice with 700 pl each of the supplied Wash buffer and the DNA was then eluted in 15 pl of
nuclease-free water. The DNA concentration was determined with the Nanodrop ND-2000

spectrophotometer (NanoDrop Technologies, Inc.).
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Table 3.2: Oligonucleotide primers used in this study

Primer

Sequence (5’ -3)

Comments

Amplification primers

TailorNS2-F
TailorNS2-R

pHed-F
pUC/M13-R

Mutagenesis primers

iPCR-S-A 256F
iPCR-S-A 256R*
iPCR-S-A 258-F
iPCR-S-A 258-R
iPCR-S-A 262-F
iPCR-S-A 262-R
iPCR-S-A 270-F
iPCR-S-A 270-R
iPCR-S-A 256,258-F
iPCR-S-D 256-F
iPCR-S-D 258-F
iPCR-S-D 256,258-F

Sequencing primers

pJET-F
pJET R

S8-F

S8-R

S8 Internal-F
S8 Internal-R

ACTCGACcatatyATGGCAGAGGTCAGAAAG
ATTATACctcgagACCGCTCCCCC

AAATGATAACCATCTCGC
CAGGAAACAGCTATGAC

CAAGCCGATAGTGATGATCA
ACACCACATACTCTCTGTACGTA
AGTGATGCCGATGATCAATCT
TTGACACCACATACTCTCTGTAC
GATCAAGCCGATGAGGATCA
ATCACTATCACTTTGACACCACATACT
TTGGGGCCACAGAGCCAGAA
CCTCGTGATCCTCATCAGATTG
CAAGCCGATGCCGATGATCAATCTGAT
CAAGACGATAGTGATGATCAATCTGAT
CAAAGTGATGACGATGATCAATCTGAT
CAAGACGATGACGATGATCAATCTGAT

CGACTCACTATAGGGAGAGCGGC
AAGAACATCGATTTTCCATGGCAG
ACAACTTTGGATGTTGGAG
TCTCACGCACATCATTTC
ACAACTTTGGATGTTGGAG
TCTCACGCACATCATTTC

Tailoring of NS2 gene to delete the 3’ stop
codon (TGA) and to introduce a Ndel (bold)
and Xhol (bold underlined) restriction
enzyme recognition sequence

Primers used for screening of recombinant
bacmid DNA to verify transposition of wild-
type and mutant NS2 genes

Inverse PCR primers used to introduce either
Ser (S) to Ala (A) or Ser (S) to Asp (D) site-
specific mutations into the NS2 coding
sequence; numbers denote mutated serine
residue; site-specific mutations are indicated
in bold underlined capital letters

*

Primer iPCR-S-A 256R was used as the reverse primer in inverse PCR reactions to introduce a Ser-to-Ala mutation at
position 256 and a Ser-to-Ala double mutation at positions 256 and 258, as well as to introduce single and double Ser-to-
Asp mutations into the NS2 coding sequence.
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3.25  Construction of the intermediate plasmid pJET-NS2
3.2.5.1 Ligation reaction

For cloning of the PCR amplicon, the pJET1.2/blunt cloning vector, together with the
CloneJET PCR cloning kit (Thermo Scientific), was used according to the manufacturer’s
instructions. The ligation reaction contained 1 pl of T4 DNA ligase (5 U/ul), 10 pl of 2 x
Reaction Buffer, 2 ul of 40% (w/v) PEG-4000, 50 ng of the pJET1.2/blunt vector, 750 ng of
purified amplicon and nuclease-free water to a final volume of 20 pl. The ligation reaction
was incubated at 22°C for 1 h and then transformed into competent Escherichia coli DH5a.

cells.

3.2.5.2 Preparation of competent E. coli DH5a cells

Competent E. coli DH5a cells were prepared by the CaCl, method, as described by Bergmans
etal. (1981). A single colony of a freshly streaked culture of E. coli DH5a was inoculated into
5 ml of LB broth and cultured overnight at 37°C with shaking at 250 rpm. Following
incubation, 1 ml of the culture was inoculated into 100 ml of LB broth (pre-warmed to 37°C)
in a 250-ml Erlenmeyer flask. The culture was incubated at 37°C with shaking and the optical
density at 600 nm (ODsoo) was measured at regular intervals with an Eppendorf BioPhotometer
Plus spectrophotometer. Once an ODeoo Of 0.4 was reached, the flask was incubated on ice for
15 min to inhibit further bacterial growth. The cells from 50 ml of the culture were harvested
by centrifugation at 2 000 rpm for 10 min at 4°C in an Eppendorf 5804 R centrifuge. The
bacterial cell pellet was suspended gently in 25 ml of ice-cold 50 mM CaCl; and incubated on
ice for 30 min. The cells were harvested as described above and suspended in 5 ml of the 50
mM CaCl, solution. The competent cells were incubated on ice for at least 1 h prior to
transformation or, alternatively, the competent cells were snap-frozen in 15% (v/v) sterile

glycerol and stored as 100-ul aliquots at -80°C until further use.

3.25.3 Transformation of competent cells

To transform the prepared competent E. coli DH5a cells, 100 pul of the competent cells were
mixed in a pre-chilled Eppendorf tube with the ligation reaction mixture (20 pl). After
incubation on ice for 30 min, the tube was subjected to a heat shock by incubating the tube at
42°C for 90 s and then immediately incubated on ice for 2 min. Subsequently, 900 ul of pre-
warmed (37°C) LB broth was added and the tube was incubated at 37°C for 1 h. As controls,

competent cells were transformed with plasmid DNA (pUC19) of a known concentration to
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determine the transformation efficiency, and untransformed cells were used to test for
contamination. Aliquots (200 pl) of the transformation mixtures were plated onto LB agar
supplemented with ampicillin (100 pg/ml) and the agar plates were incubated overnight at
37°C.

3.2.6  Screening and characterization of recombinant plasmid pJET-NS2
3.2.6.1 Plasmid DNA extraction

Single bacterial colonies were inoculated into 5 ml of LB broth supplemented with ampicillin
(100 pg/ml) and incubated overnight at 37°C. Plasmid DNA was subsequently extracted with
the GeneJET Plasmid Miniprep kit (Thermo Scientific) according to the manufacturer’s
instructions. Briefly, cells from 2 ml of the overnight cultures were harvested by centrifugation
at 14 000 rpm for 1 min. Following the sequential addition of 250 pl each of the Resuspension
solution and the Lysis solution, 350 pl of Neutralization solution was added to the cell pellet.
The cell lysate was centrifuged at 14 000 rpm for 5 min and the cleared lysate (supernatant)
was then centrifuged through a GeneJET DNA-binding column at 14 000 rpm for 1 min. The
column was washed twice with 500 pl of the supplied Wash solution and the plasmid DNA
was subsequently eluted in 30 ul of nuclease-free water. The plasmid DNA was analyzed on
a 1% (w/v) agarose gel to assess its purity and the concentration was determined with a

NanoDrop ND-2000 spectrophotometer (NanoDrop Technologies, Inc.).

3.2.6.2 Restriction enzyme digestion

Approximately 200-750 ng of plasmid DNA was digested with 1 U each of the restriction
enzymes Ndel and Xhol, using the 10x FastDigest Green Buffer supplied by the manufacturer
(Thermo Scientific). The final reaction volume was 20 ul and incubation was at 37°C for 1 h,
after which the enzymes were inactivated by heating to 80°C for 5 min. The digestion products

were analyzed on a 1% (w/v) agarose gel in the presence of a DNA molecular weight marker.

3.2.6.3 DNA sequencing and sequence analysis

Nucleotide sequencing of the cloned insert DNA was performed with the ABI-PRISM BigDye
Terminator v.3.1 Cycle Sequencing Ready Reaction kit (Perkin-Elmer Applied Biosystems)
according to the manufacturer’s instructions. Each sequencing reaction comprised 150 ng of
purified plasmid DNA, 3.2 uM of the sequencing primer pJET-F or pJET-R (Table 3.2), 2 ul

of BigDye Reaction mix, 1 pl of 5 x BigDye Sequencing buffer and nuclease-free water to a
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final volume of 10 ul. Cycle sequencing reactions were performed in a BioRad T100 thermal
cycler and consisted of an initial denaturation at 96°C for 1 min, followed by 30 cycles of
denaturation at 96°C for 10 s, primer annealing at 50°C for 15 s and primer extension at 60°C
for 4 min. The extension products were precipitated by the addition of 250 pl of ice-cold
isopropanol and incubation at room temperature for 2 min, followed by centrifugation at 14
000 rpm for 15 min. The supernatant was carefully aspirated, and the pellet was washed twice
with 70% ethanol before being allowed to air dry. The samples were submitted to the
University of Pretoria’s Sequencing Facility for sequencing on an ABI PRISM 3130XL DNA
sequencer. The nucleotide sequence and deduced amino acid sequence were analyzed with

MEGA-X software (https://www.megasoftware.net/).

3.3 Construction and characterization of the recombinant bacterial expression
plasmid pET-NS2

All molecular techniques used in the construction of the recombinant bacterial expression
vector were performed according to the procedures described in the sections above. To enable
cloning of the tailored NS2 gene into the bacterial expression vector pET-26b(+), both the
recombinant pJET-NS2 plasmid DNA and pET-26b(+) vector DNA were digested with Ndel
and Xhol. The excised NS2 gene and digested pET-26b(+) vector DNA were purified from a
1% (w/v) agarose gel with the GeneJET Gel Extraction kit (Thermo Scientific) prior to their
use in a ligation reaction. The prepared vector DNA (50 ng) and insert DNA (50 ng) were
ligated overnight at 22°C in a final volume of 20 pl, which also contained 2 pl of 10 x DNA
ligase buffer and 5 U of T4 DNA ligase (5 U/ul; Thermo Scientific). Following the
transformation of competent E. coli DH5a cells, the transformation mixture was plated onto
LB agar plates supplemented with kanamycin (30 pg/ml) and the agar plates were incubated
overnight at 37°C. Plasmid DNA was subsequently extracted from randomly selected
kanamycin-resistant transformants and characterized by restriction enzyme digestion with both
Ndel and Xhol. One of the recombinant clones, designated pET-NS2, was selected and used
in all subsequent experiments. The absence of the C-terminal stop codon and in-frame cloning
of the NS2 gene with the hexahistidine tag of the expression vector was verified by DNA
sequencing with the ABI-PRISM BigDye Terminator v.3.1 Cycle Sequencing Ready Reaction
kit (Perkin-Elmer Applied Biosystems) and by making use of S8 Internal-F or S8 Internal-R as
the sequencing primer (Table 3.2).
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3.4 Expression of recombinant NS2 in E. coli BL21(DE3)

For expression of the AHSV-4 NS2 protein in E. coli, the recombinant plasmid pET-NS2 was
transformed into E. coli BL21(DE3) which carries the gene for T7 RNA polymerase under
control of the lacUV5 promoter. The competent cells were prepared and then transformed with
either recombinant pET-NS2 or parental pET-26b(+) plasmid DNA, as described previously
(Sections 3.2.5.2 and 3.2.5.3), except that the transformation mixtures were plated onto LB
agar supplemented with kanamycin (30 pg/ml). Single colonies were inoculated into 5 ml of
LB broth supplemented with kanamycin (30 pug/ml) and incubated overnight at 37°C with
shaking. Expression of the recombinant NS2 protein was induced with IPTG (Sigma-Aldrich).
For this purpose, 100 ul of the overnight cultures were inoculated into 10 ml of pre-warmed
(37°C) sterile LB broth supplemented with kanamycin (30 pg/ml) and incubated at 37°C until
an ODeoo 0of 0.4 was reached. To each culture, IPTG was added to a final concentration of 0.1
mM and the cultures were incubated at 37°C with shaking at 200 rpm for an additional 3-6 h.
The bacterial cells were subsequently harvested by centrifugation at 14 000 rpm for 10 min at
4°C and each cell pellet was suspended in 1 ml of 1 x Phosphate-buffered saline (PBS: 137
mM NaCl; 2.7 mM KCI; 4.3 mM NazHPO4.2H20; 1.4 mM KH2PO4; pH 7.5). Aliquots (20 pl)
of the whole-cell lysates were analyzed by electrophoresis on a SDS-polyacrylamide gel and
Western blot analysis, as described below in Section 3.6.

35 Purification of the recombinant histidine-tagged NS2 protein
3.5.1 Large-scale expression of recombinant NS2 in E. coli BL21(DE3)

To facilitate the purification of the recombinant hexahistidine-tagged NS2 protein, the
recombinant protein was expressed on a large scale as follows. Single colonies of E. coli
BL21(DE3) containing pET-NS2 were inoculated into 5 ml of LB broth supplemented with
kanamycin (30 pg/ml) and incubated overnight at 37°C with shaking. A 1 ml volume of the
overnight culture was inoculated into 100 ml of LB broth supplemented with 30 pug/ml of
kanamycin in a 250-ml Erlenmeyer flask. The cultures were incubated at 37°C with shaking
until an ODeoo of 0.4 was reached and IPTG was then added to a final concentration of 0.1 mM.
The cultures were incubated overnight at 25°C with shaking at 150 rpm. Following incubation,
the cultures were incubated on ice for 5 min and the bacterial cells were collected by
centrifugation at 11 000 rpm for 5 min at 4°C. The bacterial cell pellets were washed once
with 25 ml of 20 mM Tris-HCI (pH 8), the supernatant was aspirated, and the cells were
suspended in 8 ml of ice-cold Tris buffer (50 mM Tris-HCI; pH 7.4). The bacterial cells were
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lysed by sonication on ice for 5 min using a Branson Sonifier Cell Disruptor B-30 at a power
output of 45% (30 s pulses, followed by 30 s rest for a total of 5 min). The cell lysate was
clarified by centrifugation at 11 000 rpm for 5 min at 4°C and the supernatant, considered as
the soluble cytoplasmic protein extract, was recovered for protein purification as described

below.

3.5.2  Purification of the histidine-tagged NS2 protein by affinity chromatography

The recombinant hexahistidine-tagged NS2 protein was purified by immobilized metal affinity
chromatography (IMAC) with the HisPur Cobalt Purification kit (Thermo Scientific) according
to the manufacturer’s instructions. Prior to their use, the HisPur Cobalt spin columns were
centrifuged at 2 700 rpm for 2 min to remove the storage buffer and were then equilibrated
with two resin-bed volumes (400 pl) of the supplied Equilibration/Wash buffer (50 mM
NazPOs; 300 mM NaCl; 10 mM imidazole; pH 7.4). The soluble protein extract (400 ul) was
mixed with an equal volume of Equilibration/Wash buffer, pipetted into the spin column, and
incubated at 4°C for 30 min with gentle agitation to allow maximal adsorption of the NS2
fusion protein to the resin. Following incubation, the columns were centrifuged at 2 700 rpm
for 2 min and washed three times with 400 pl each of the Equilibration/Wash buffer to remove
unbound proteins. The hexahistidine-tagged NS2 protein was subsequently eluted in 200 ul of
the supplied Elution buffer (50 mM Na2PO4; 300 mM NacCl; 150 mM imidazole; pH 7.4). The
elution step was repeated twice more to ensure maximal recovery of the recombinant NS2
protein. Samples (20 ul) of the eluted recombinant protein were analyzed by electrophoresis

on a SDS-polyacrylamide gel.

3.6 Analysis of recombinant NS2 proteins
3.6.1 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Prior to analysis, protein samples were mixed with an equal volume of 2 x Protein Solvent
Buffer (PSB: 0.5 mM Tris-HCI [pH 6.8]; 4% [w/v] SDS; 20% [v/v] glycerol; 10% [v/v] 2-
mercaptoethanol; 0.06% [w/v] Bromophenol blue) and then denatured by heating to 100°C for
5 min in a heating block. The proteins were resolved by electrophoresis in a discontinuous gel
system, as described by Laemmli (1970). A 5% (w/v) acrylamide stacking gel (0.125 M Tris-
HCI [pH 6.8]; 0.1% [w/v] SDS) and a 12% (w/v) acrylamide separating gel (0.375 M Tris-HCI
[pH 8.8]; 0.1% [w/v] SDS), with an acrylamide:bisacrylamide ratio of 29:0.8, were
polymerized by addition of 100 ul of 10% (w/v) ammonium persulphate and 10 ul of TEMED.
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Electrophoresis was performed in a Hoefer miniVE vertical electrophoresis system at 200 V
for 2 hin 1 x TGS electrophoresis buffer (25 mM Tris-HCI [pH 8.3]; 192 mM glycine; 0.1%
[w/v] SDS). To visualize the proteins, the gels were stained for 15 min with 0.125% (w/v)
Coomassie brilliant blue (prepared in 50% [v/v] methanol and 10% [v/v] acetic acid) and then
counterstained by repeatedly soaking the gels in destaining solution (10% [v/v] methanol; 10%
[v/v] acetic acid). The sizes of the resolved proteins were determined by comparison to
reference molecular mass proteins (PageRuler Prestained Protein Ladder 10-180 kDa; Thermo

Scientific).

3.6.2  Western blot analysis

For Western blot analysis (Sambrook and Russell, 2001), proteins from an unstained SDS-
polyacrylamide gel were electroblotted onto a Hybond-C* nitrocellulose membrane
(Amersham Pharmacia Biotech AB). Two sheets of filter paper and the nitrocellulose
membrane cut to the same size as the gel, were equilibrated for 10 min in transfer buffer (25
mM Tris; 192 mM glycine). The proteins were electroblotted onto the membrane at 120 V for
90 min with a Mighty Small Transphor blotting apparatus (Hoefer). Following transfer, the
membrane was washed in 1 x PBS for 5 min and non-specific binding sites were blocked by
immersing the membrane for 30 min at room temperature in 100 ml of blocking solution (1%
[w/v] fat-free milk powder in 1 x PBS). The membrane was then incubated overnight at 4°C
with gentle agitation in the presence of a polyclonal anti-NS2 antibody (GenScript Corp.) that
was diluted 1:250 in blocking buffer. Following incubation, the unbound primary antibody
was removed by washing the membrane three times for 5 min each in wash buffer (0.05% [v/v]
Tween-20 in 1 x PBS). The secondary antibody, Protein-A conjugated to horseradish
peroxidase (Sigma-Aldrich) that had been diluted 1:10 000 in blocking buffer, was added to
the membrane and then incubated for 2 h at room temperature with gentle agitation. The
membrane was washed three times for 5 min each in wash buffer, and once in 1 x PBS for 5
min. Immune-reactive proteins were detected by immersing the membrane in freshly prepared
enzyme substrate solution (60 mg of 4-chloro-1-naphtol in 20 ml of ice-cold methanol and 60
pl of H202 in 100 ml of 1 x PBS, mixed just before use), followed by incubation at room
temperature in the dark until the protein bands became visible. Once the bands became visible,

the membranes were rinsed with distilled water and air-dried.
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3.7 Protein concentration determination

The concentration of purified recombinant NS2 proteins was determined by the method of
Bradford (1976) with the Quick Start Protein Assay kit (BioRad), and with bovine serum
albumin (BSA) as standard. Aliquots (5 pl) of each sample were mixed with 250 ul of Protein
Assay reagent in the wells of a 96-well microplate (Sigma-Aldrich), incubated at room
temperature for 10 min and the absorbance (A) at 595 nm was then determined with a Multiskan
GO Microplate spectrophotometer (Thermo Scientific). Distilled water containing Protein
Assay reagent was used to zero the absorbance readings, and the protein concentration was
determined from a BSA standard curve that had been prepared by plotting the Ases values (y-

axis) versus their concentration (0-2 000 pg/ml; x-axis).

3.8  Protein phosphorylation assays
3.8.1 Invitro phosphorylation of NS2

To provide a source of unphosphorylated NS2, a cell lysate was prepared from an IPTG-
induced culture of E. coli BL21(DE3) containing pET-NS2, as described previously (Section
3.5.1). To provide a source of cellular kinase, a cell lysate was prepared from Spodoptera
frugiperda clone 9 (Sf-9) insect cells. To this end, the cells from 5 ml of a Sf-9 suspension
culture (2.5 x 10° cells/ml) were harvested by centrifugation at 5 000 rpm for 5 min. The cell
pellet was washed with 1 ml of 1 x PBS and suspended in 500 ul of 1 x PBS before lysis of the
cells by passing the cell suspension through a 22G needle multiple times. For the in vitro
phosphorylation reaction, equal volumes (250 ul) of the cell lysates were mixed together and
incubated at 37°C for 1 h in the presence of 0.5 mM ATP (New England Biolabs). An
additional reaction was prepared as above, except that the Casein kinase 2 (CK2)-specific
inhibitor TBB (4, 5, 6, 7-tetrabromobenzotriazole; Sigma-Aldrich) was added to the reaction
mixture at 100 uM. Following incubation, NS2 was purified from the reaction mixtures by
affinity chromatography using the HisPur Cobalt Purification kit (Section 3.5.2). The samples
were analyzed by SDS-PAGE to assess the successful recovery of the NS2 protein, and a
duplicate SDS-polyacrylamide gel was stained with Pro-Q Diamond Phosphoprotein Gel Stain

(Invitrogen) to visualize phosphoproteins.

3.8.2 Invitro phosphorylation of NS2 by Casein kinase 2 (CK2)

Purified NS2 protein, expressed in E. coli BL21(DE3), was phosphorylated in vitro with CK2
(Millipore Corp.). The purified NS2 protein (5 pg) and 5 pl of CK2 (10 pg/ml stock solution)
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were incubated in 1 x MTD buffer (50 mM Tris-HCI [pH 8]; 50 mM MgClz; 50 mM DTT)
supplemented with 0.5 mM ATP. In a control reaction, TBB was added at 100 uM. The
reactions were incubated at 37°C for 1 h. Phosphoproteins were subsequently visualized by
SDS-PAGE and staining of the SDS-polyacrylamide gel with Pro-Q Diamond Phosphoprotein

Gel Stain (Invitrogen).

3.9  Phosphoprotein staining of SDS-polyacrylamide gels

To visualize phosphorylated proteins in SDS-polyacrylamide gels, the gel was stained with
Pro-Q Diamond Phosphoprotein Gel Stain (Invitrogen) according to the manufacturer’s
instructions. Briefly, the gels were fixed by immersion in 100 ml of fixing solution (50% [v/v]
methanol; 10% [v/v] acetic acid) for 30 min at room temperature with gentle agitation. This
step was repeated once more to ensure that all the SDS was washed out of the gel.
Subsequently, the gel was washed three times, for 10 min each wash, in 100 ml of ultrapure
water and then stained in the dark for 90 min with gentle agitation in 60 ml of the Pro-Q
Diamond phosphoprotein gel stain. The gel was destained for 30 min at room temperature with
gentle agitation in 100 ml of Pro-Q destaining solution (20% [v/v] acetonitrile; 50 mM sodium
acetate [pH 4]). This step was repeated twice more, after which the gel was washed twice with
100 ml of ultrapure water for 5 min per wash. The stained SDS-polyacrylamide gel was then
imaged on a 302-nm UV transilluminator, and the image was captured with the Gel DOC EZ
Imager system (BioRad).

3.10 Bioinformatics analyses

The NS2 protein of different orbiviruses, including AHSV, has been reported previously to be
phosphorylated at C-terminal serine residues only (Devaney et al., 1988). To identify putative
phospho-acceptor serine residues, the amino acid sequence of the AHSV-4 NS2 protein
(GenBank Accession no. KM820856; van de Water et al., 2015) was subjected to
bioinformatics analyses using different computer prediction programmes, i.e., NetPhos-3.1
(http://www.cbs.dtu.dk/services/NetPhos/), Group-based prediction system (GPS) v.5

(http://gps.biocuckoo.cn/) and Scansite 4.0 (https://scansite4.mit.edu/#home).

3.11 Construction of mutated NS2 genes

For the construction of NS2 genes containing targeted mutations of potential phospho-acceptor
serine residues in the C terminus of the protein, an inverse PCR-based method of mutagenesis

was used. In this approach, plasmid pJET-S8 which contains a cloned copy of the NS2 gene
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from AHSV-4 was used as a template, together with appropriately designed back-to-back
mutagenic primers (Table 3.2). The primers were designed with DNAMAN v.4.0 software
(Lynnon Biosoft) and synthesized by Ingaba Biotechnical Industries. The inverse PCR
approach has the advantage of amplifying the recombinant plasmid, whilst introducing the
desired mutations into the cloned NS2 gene. The sections below provide information on the
methodology that was used to introduce the mutations and to characterize the derived mutant

pJET plasmid constructs.

3.11.1 Inverse PCR

Each inverse PCR reaction mixture (50 pl) contained 4 ng of pJET-S8 plasmid DNA as
template, 10 uM of each the appropriate iPCR-F and iPCR-R primer (Table 3.2), 10 pl of 5 x
Phusion HF Reaction Buffer, 200 uM of each dNTP, and 1 U of high-fidelity Phusion DNA
polymerase (2 U/ul; Thermo Scientific). Negative controls were included, in which template
DNA was omitted from the reaction mixtures. The PCR reactions were performed in a BioRad
T100 thermal cycler with the following cycling parameters: initial denaturation at 98°C for 30
s, followed by 30 cycles of denaturation at 98°C for 10 s, primer annealing at 55°C for 30 s
and primer extension at 72°C for 4 min. After a final extension at 72°C for 10 min, the reaction
mixtures were analyzed by electrophoresis on a 1% (w/v) agarose gel in the presence of a DNA
molecular weight marker, and the amplicons were purified from the gel with the GeneJET Gel
Extraction kit (Thermo Scientific).

3.11.2 Self-ligation of amplicon DNA

The primers used in the above inverse amplification reactions were not phosphorylated at their
5’-end. Consequently, for ligation to occur, the respective amplicons were phosphorylated at
their 5’-ends with T4 Polynucleotide kinase. Each reaction mixture contained 100 ng of
purified amplicon, 1 x Reaction Buffer A (50 mM Tris-HCI; 10 mM MgClz; 5 mM DTT; 0.1
mM spermidine), 10 mM ATP, 10 U of T4 Polynucleotide kinase (10 U/ul; Thermo Scientific)
and nuclease-free water to a final volume of 20 pl. The reaction mixtures were incubated at
37°C for 30 min and then at 75°C for 10 min to inactivate the enzyme. The phosphorylated
amplicons were purified from a 1% (w/v) agarose gel with the GeneJET Gel Extraction kit
(Thermo Scientific) and then self-ligated at 22°C for 1 h in a final volume of 20 pl that
comprised 80 ng of phosphorylated PCR product, 10 ul of 2 x DNA ligase buffer, 2 pl of 40%
(w/v) PEG-4000 and 5 U of T4 DNA ligase (5 U/ul; Thermo Scientific). Following self-

ligation, the reaction mixtures were used to transform competent E. coli DH5a cells, and the
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transformation mixtures were then plated onto LB agar supplemented with ampicillin (100

pg/ml). The agar plates were incubated overnight at 37°C.

3.11.3 Characterization of mutant pJET-NS2 plasmid constructs

Single colonies resulting from the above transformations were inoculated into 5 ml of LB broth
containing ampicillin (100 pg/ml), incubated overnight at 37°C and plasmid DNA was
subsequently extracted with the GeneJet Plasmid Miniprep kit (Thermo Scientific). Prior to
their use in subsequent experiments, each of the mutant pJET-NS2 plasmid constructs was
characterized by DNA sequencing. The nucleotide sequence of the mutated NS2 genes was
determined using the ABI-PRISM BigDye Terminator Cycle Sequencing Ready Reaction kit
v.3.1 (Perkin-Elmer Applied Biosystems), together with pJET-F or pJET-R as the sequencing
primer (Table 3.2), followed by resolution on an ABI-PRISM 3130XL DNA sequencer.
Nucleotide and deduced amino sequences were analyzed with MEGA-X software

(https://www.megasoftware.net/) to confirm the presence of the newly introduced mutations.

3.12 Construction and characterization of recombinant pFastBac HTa donor
plasmids
To enable in-frame cloning of the wild-type and mutated NS2 genes with the N-terminal
hexahistidine tag present in the pFastBac HTa donor vector, the insert DNA was excised from
the various mutant pJET-NS2 plasmid constructs by digestion with both EcoRI and Xhol. The
restriction enzyme digestion reactions were performed in Eppendorf tubes and consisted of 500
ng of plasmid DNA, 2 pl of 10 x FastDigest Green buffer, 1 U each of EcoRI and Xhol (Thermo
Scientific) and nuclease-free water to a final volume of 20 pl. Accordingly, the pFastBac HTa
bacmid donor vector was digested in an identical manner. The desired insert and vector DNA
fragments were purified from the agarose gels with the GeneJET Gel Extraction kit (Thermo
Scientific), and the DNA concentrations were determined with a Nanodrop ND-1000
spectrophotometer (NanoDrop Technologies, Inc.) prior to their use in ligation reactions. Each
ligation reaction mixture (20 pl) contained 50 ng of pFastBac HTa vector DNA, 100 ng of
insert DNA, 2 pl of 10 x DNA ligase buffer and 1 pl of T4 DNA ligase (5 U/ul; Thermo
Scientific). The ligation reactions were incubated at 22°C for 1 h and then transformed into
competent E. coli DHS5a cells, as described previously (Section 3.2.5.3). Plasmid DNA
extracted from the resultant ampicillin-resistant transformants were screened for the presence
of cloned insert DNA by digestion with both EcoRI and Xhol, followed by analysis of the

digestion products on a 1% (w/v) agarose gel in the presence of a DNA molecular weight
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marker. The integrity of the cloned insert DNAs was also verified by DNA sequencing (Section
3.2.6.3) using S8-F or S8-R as the sequencing primer (Table 3.2). The recombinant plasmids
were designated pFB-NS2, pFB-NS2 S-A256, pFB-NS2 S-A258, pFBNS2 S-A262, pFB-NS2
S-A270, pFB-NS2 S-A256,258, pFB-NS2 S-D256, pFB-NS2 S-D258, and pFB-NS2 S-
D256,258 (Table 3.1).

3.13 Generation and characterization of recombinant bacmids
3.13.1 Transposition

An overnight culture of E. coli DH10Bac cells, containing the bacmid genome and a
PMON7124 helper plasmid, was prepared by inoculating a single colony into LB broth
supplemented with kanamycin (50 pg/ml) and tetracycline (10 pg/ml). Competent E. coli
DH10Bac cells were prepared, as described previously (Section 3.2.5.2). For transformation,
1 ng of the recombinant pFastBac HTa donor plasmid DNA was mixed with 100 pl of the
competent E. coli DH10Bac cells and then incubated on ice for 30 min. The cells were heat-
shocked at 42°C for 45 s and incubated on ice for 2 min before 900 ul of pre-warmed (37°C)
LB broth was added. The transformation mixtures were incubated at 37°C for 4 h with shaking
to allow the cells to recover, to express the antibiotic resistance genes and to allow for
transposition to occur. The transformation mixtures were plated in aliquots of 200 pl onto LB
agar supplemented with 50 pg/ml of kanamycin, 7 pg/ml of gentamycin and 10 pg/ml of
tetracycline in the presence of 50 pl of 2% (w/v) X-gal and 10 pul of 100 mM IPTG. The agar
plates were incubated at 37°C for 48 h and transformants displaying a white-colony phenotype
were selected. One colony displaying a blue-colony phenotype was selected as a non-

recombinant bacmid control.

3.13.2 Extraction of recombinant bacmid DNA

Selected colonies were inoculated into 5 ml of LB broth supplemented with antibiotics (50
pg/ml kanamycin; 7 pg/ml gentamycin; 10 pg/ml tetracycline) and cultured overnight at 37°C
with shaking. The recombinant and non-recombinant bacmid DNA was isolated by making
use of the following protocol that had been developed for the isolation of large plasmid DNA
and was subsequently adapted for the isolation of high-molecular-weight bacmid DNA
(Fawcett, 1999). The bacterial cells from 2 ml of each overnight culture were harvested by
centrifugation at 14 000 rpm for 1 min. The supernatant was decanted, and the bacterial cell
pellet was suspended in 300 pl of ice-cold Solution | (15 mM Tris-HCI [pH 8.0]; 10 mM
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EDTA; 100 pg/ml RNase A), followed by the addition of 300 ul of Solution 11 (0.2 N NaOH;
1% [w/v] SDS). After incubation at room temperature for 5 min, 300 ul of ice-cold Solution
11 (3 M KOAC; pH 5.5) was added and the tubes were incubated on ice for 10 min. The white
precipitate consisting of proteins and E. coli genomic DNA was removed by centrifugation at
14 000 rpm for 10 min. The bacmid DNA was precipitated from the recovered supernatant by
the addition of 800 pul isopropanol and incubation on ice for 10 min. The precipitated bacmid
DNA was collected by centrifugation at 14 000 rpm for 15 min, washed twice with 70%
ethanol, air-dried at room temperature, and then suspended in 50 pl of 1 x TE buffer (10 mM
Tris-HCI; 1 mM EDTA; pH 8.0). An aliquot of each bacmid DNA extract was analyzed by

electrophoresis on a 1% (w/v) agarose gel.

3.13.3 Analysis of recombinant bacmids

To confirm the successful transposition of the wild-type NS2 gene and the respective mutated
NS2 genes into the bacmid DNA, PCR analysis of the extracted bacmid DNA was performed.
The PCR reactions were performed with DreamTaq Green PCR Master Mix (Thermo
Scientific). Each PCR reaction mixture contained 400 ng of bacmid DNA as template, 10 uM
each of primers pHed-F and pUC/M13-R (Table 3.2), 10 ul of 2 x DreamTaq Green PCR
Master Mix (inclusive of DreamTaq DNA polymerase; optimized DreamTaq Green Buffer; 4
mM MgCly; 0.4 mM of each dNTP) and nuclease-free water to a final volume of 20 pl. The
tubes were placed in a BioRad T100 thermal cycler and the thermocycling conditions
comprised an initial denaturation at 95°C for 3 min, followed by 25 cycles of denaturation at
95°C for 30 s, primer annealing at 55°C for 30 s, and primer extension at 72°C for 4 min. After
the last cycle, the reactions were kept at 72°C for 10 min to complete the synthesis of all DNA
strands. To test for contamination, a reaction mixture from which template DNA was omitted
was also included. The PCR reaction mixtures were analyzed by electrophoresis on a 1% (w/v)

agarose gel in the presence of a DNA molecular weight marker.
3.14 Generation of recombinant baculoviruses

3.14.1 Cell culture

Spodoptera frugiperda clone 9 (Sf-9) insect cells were maintained as adherent cultures in 25-
cm? cell culture flasks (TPP®; Sigma-Aldrich) in TC-100 medium (Gibco) supplemented with
10% (v/v) foetal bovine serum (FBS; Gibco) and antibiotics (1.2% [v/v] Amphotericin B, 1%

[v/v] of 20 000 U/ml penicillin-20 000 U/ml streptomycin mix; Lonza). Suspension cultures
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of Sf-9 cells in 250-ml Erlenmeyer flasks (140 rpm) were maintained in the same medium,
except that 1% (v/v) Pluronic-F68 (Sigma-Aldrich) was added to the medium. The cell
monolayers and suspension cultures were incubated at 27°C. The cell density and viability
were determined by staining 500 pl of the cells with an equal volume of Trypan blue (0.4%
[w/v] Trypan blue in 1 x PBS) and then counting on a haemocytometer (Drews et al., 1995).
Suspension cultures were seeded at an initial density of 1-2 x 10° cells/ml and sub-cultured

when they reached 2-5 x 10° cells/ml.

3.14.2 Transfection of Sf-9 cells

Recombinant and non-recombinant bacmid DNA was transfected into Sf-9 cells with Cellfectin
II reagent (Gibco) according to the manufacturer’s instructions. The cells were seeded into the
wells of 6-well tissue culture plates (8 x 10° cells/well) and allowed to attach at 27°C for 1 h.
For each transfection, two separate transfection solutions were prepared by diluting 8 pl of
Cellfectin Il reagent in 100 pl of incomplete TC-100 medium (medium lacking serum and
antibiotics) and by diluting 1 pug of bacmid DNA in 100 pl of incomplete TC-100 medium.
The two solutions were then combined, mixed gently, and incubated at room temperature for
30 min, after which 800 ul of incomplete TC-100 medium was added. The cell monolayers
were prepared for transfection by aspirating the medium from the attached cells and the cells
were rinsed with 2 ml of incomplete TC-100 medium. The transfection mixtures were then
added dropwise onto the cells and the tissue culture plates were incubated at 27°C for 5hin a
humidified environment. Subsequently, the transfection mixtures were aspirated and replaced
with 2 ml of complete TC-100 medium (medium supplemented with FBS and antibiotics), and
incubation was continued at 27°C for 72 h in a humidified environment. Following incubation,
the cells were harvested from the surface of tissue culture plates and collected by centrifugation
at 2 000 rpm for 5 min. The cell-free supernatants, containing the recombinant baculovirus,
were stored at 4°C. Mock-transfected cells were included as controls whereby infection of the

cells could be monitored.

3.14.3 Preparation and titration of virus stocks

To prepare virus stocks, 500 pl of the supernatants obtained following transfection of Sf-9 cells
were used to infect cell monolayers in 75-cm? tissue culture flasks (1 x 107 cells/flask) and the
flasks were incubated at 27°C for 7 days in a humidified environment. The cells were

subsequently harvested by centrifugation (2 000 rpm for 5 min) and 500 pl of the cell-free
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supernatant was used to infect fresh Sf-9 cell monolayers in 75-cm? tissue culture flasks. This
procedure was repeated three times to generate P3 virus stocks. To determine the virus titre, a
plaque assay was performed according to Brown and Faulkner (1977), with the following
modifications. Sf-9 cells were seeded into the wells of a 6-well tissue culture plate (1.7 x 10°
cells/well) and after cell attachment at 27°C for 1 h, the medium was replaced with 900 pl of
the virus dilutions (107 to 10°®) that had been prepared in incomplete TC-100 medium. After
incubation at 27°C for 1 h to allow virus particles to infect the cells, the virus dilutions were
removed and replaced with 2 ml of pre-warmed (38°C) plaquing medium (2% [w/v] low
melting agarose [Cleaver Scientific] in 1 x PBS, diluted 1:1 with complete TC-100 medium).
Once the overlay had set, the tissue culture plates were incubated at 27°C for 6 days in a
humidified environment. Following incubation, the cell monolayers were flooded with 500 pl
of 0.1% (w/v) MTT [(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Sigma-
Aldrich]. The excess MTT solution was aspirated, and the tissue culture plates were incubated
overnight at 27°C for plaques to appear. The plagues were counted, and the virus titres were

determined.

3.15 Expression of recombinant wild-type and mutant NS2 proteins in Sf-9 insect cells

Sf-9 cells were seeded into the wells of a 6-well tissue culture plate (1.5 x 108 cells/well) and
subsequently infected with parental or recombinant baculoviruses at a multiplicity of infection
(MOI) of 1 pfu/cell. Mock-infected cells were included as a control in the analysis. The tissue
culture plates were incubated at 27°C for 72 h in a humidified environment. Following
incubation, the cells were harvested by centrifugation at 2 000 rpm for 5 min and washed once
with 1 x PBS. The cell pellets were each suspended in 200 pl of 1 x PBS and aliquots (20 pl)
of the whole-cell lysates were analyzed by Western blot analysis following electrophoresis on

SDS-polyacrylamide gels.

3.16 Purification of baculovirus-expressed wild-type and mutant NS2 proteins and
evaluation of their phosphorylation status

Recombinant baculoviruses were used to infect Sf-9 cell monolayers in 6-well tissue culture

plates (1.5 x 10° cells/well) at a MOI of 2 pfu/cell. Following incubation at 27°C for 72 h, the

baculovirus-infected Sf-9 cells were harvested from the surface of tissue culture plates,

collected by centrifugation at 2 000 rpm for 5 min, and washed once with 1 x PBS. The cell

pellets were each suspended in 1 ml of 1 x PBS and the cells were lysed by passing the cell

suspension through a 22G needle multiple times. Following centrifugation at 3 000 rpm for 2
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min, the supernatant (soluble protein extract) was collected. Since the wild-type and mutant
NS2 proteins were expressed with a N-terminal hexahistidine tag, the recombinant NS2
proteins were purified with the HisPur Cobalt Purification kit (Thermo Scientific), as described
previously (Section 3.5.2), and successful recovery of the purified wild-type and mutant NS2

proteins was confirmed by SDS-PAGE analysis.

To examine whether the serine residues selected for mutagenesis were indeed the
phosphorylation sites of the NS2 protein, the concentration of the purified wild-type and mutant
NS2 proteins was determined with the Quick Start Bradford Protein Assay kit (BioRad) and
equal amounts of the purified NS2 proteins were then electrophoresed on a SDS-
polyacrylamide gel. Following electrophoresis, the gel was stained with Pro-Q Diamond
Phosphoprotein Gel Stain (Invitrogen), as described previously (Section 3.9), to visualize
phosphorylated proteins. For the relative quantification of the phosphorylation signals, images
of the stained SDS-polyacrylamide gels were analyzed with Image] software

(https://imagej.nih.qov/ij/).

3.17 Immunofluorescence confocal microscopy

Sf-9 cells were grown on sterile glass coverslips placed in the wells of a 24-well tissue culture
plate (3.8 x 10° cells/well). The cells were mock-infected or infected with parental and
recombinant baculoviruses at a MOI of 5 pfu/cell. Following incubation of the tissue culture
plates at 27°C for 48 h, the cell monolayers were washed once with 1 x PBS and then fixed in
400 pl of 4% (w/v) paraformaldehyde (prepared in 1 x PBS) for 30 min at room temperature.
The fixing solution was aspirated, and the cells were permeabilized by incubation for 10 min
at room temperature with 400 pl of TX-100 (0.2% (v/v) Triton X-100 in 1 x PBS). The cell
monolayers were then incubated with 500 pl of blocking solution (1% [w/v] fat-free milk
powder in 1 x PBS) for 30 min at room temperature, followed by incubation for 1 h at room
temperature with 80 ul of the anti-NS2 antibody (diluted 1:250 in blocking solution). The cells
were washed three times with wash buffer (0.05% [v/v] Tween-20 in 1 x PBS) and then
incubated for 1 h at room temperature with 80 pl of goat anti-rabbit Alexa Fluor 488 antibody
(Thermo Scientific), which was diluted 1:250 in blocking solution. Following incubation, the
cell monolayers were washed three times with wash buffer and once with 1 x PBS. The
coverslips were mounted onto glass slides using ProLong Gold Antifade mountant with DAPI
(Life Technologies). The slides were viewed with a Zeiss LSM 880 confocal microscope with

Airyscan at the Laboratory for Microscopy and Microanalytics, University of Pretoria. The
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images were captured with a Zeiss AxioObserver digital camera and analyzed with ZEN (blue

edition) v.2.3 software.
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CHAPTER FOUR

RESULTS
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4.1 Construction of the Escherichia coli expression vector pET-NS2

To facilitate studies aimed at identifying the kinase responsible for AHSV-4 NS2 protein
phosphorylation and to aid in the identification of phosphorylated residues within NS2, an
unphosphorylated version of the NS2 protein was required for use in subsequent
phosphorylation assays. Considering that heterologous proteins expressed in E. coli do not
undergo post-translational modifications, such as phosphorylation, the NS2 protein was
therefore expressed in E. coli BL21(DE3) using the pET-26b(+) expression vector. The
pET26b(+) vector allows for the selective and active expression of heterologous proteins that
may comprise more than 50% of the total cellular protein content a few hours after induction.
Moreover, the expression vector also contains a C-terminal hexahistidine tag that serves as a

fusion partner for the purification of the heterologous protein (Fig. 4.1A).

To enable in-frame cloning of the NS2 gene with the C-terminal hexahistidine tag present in
the pET-26b(+) expression vector, the NS2 gene was PCR-amplified using a 3’-specific primer
designed to amplify a truncated version of AHSV-4 NS2 gene that lacked the TGA stop codon.
Furthermore, this primer and the 5’-specific primer were designed to introduce a unique Xhol
and Ndel restriction endonuclease recognition site at the 3’- and 5’-end, respectively, of the
PCR-amplified NS2 gene in order to facilitate directional cloning.

Using plasmid pJET-S8 as template DNA, PCR amplification was performed using the
appropriate primers. An aliquot of the reaction mixture was analyzed by agarose gel
electrophoresis and a single amplicon of the expected size (1.095 kb) was observed (Fig. 4.1B,
lane 2). The amplicon was purified from the agarose gel, blunt-end cloned into pJET 1.2/blunt
vector DNA to yield the intermediate plasmid pJET-NS2 and then characterized by restriction
enzyme digestion (Fig. 4.1C) and nucleotide sequencing. Having confirmed that the stop
codon was deleted, the truncated NS2 gene was recovered and cloned into the Ndel and Xhol
sites of pET-26b(+), thereby generating pET-NS2. The recombinant plasmid DNA was
characterized by agarose gel electrophoresis, following restriction endonuclease digestion.
Ndel and Xhol digestion yielded two DNA fragments corresponding to the size of the pET-
26b(+) vector DNA (5.360 kb) and the cloned truncated NS2 gene (1.095 kb) (Fig. 4.1D, lane
3).
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Figure 4.1: Agarose gel electrophoretic analysis of recombinant pET-NS2 and the intermediate
plasmid pJET-NS2 used in its construction. (A) Plasmid map of the pET-26b(+) bacterial expression
vector, indicating the cloning sites used for insertion of the AHSV-4 NS2 gene and the location of the
T7 RNA polymerase promoter and hexahistidine tag sequence. (B) PCR amplification of a tailored
NS2 gene. Lane M, DNA molecular weight marker; lane 1, negative control PCR reaction mixture
lacking template DNA; lane 2, amplicon obtained by PCR amplification using pJET-S8 plasmid DNA
as template and primers TailorNS2-F and TailorNS2-R. (C) Analysis of recombinant plasmid pJET-
NS2. Lane M, DNA molecular weight marker; lane 1, uncut recombinant plasmid pJET-NS2; lane 2,
pJET-NS2 plasmid DNA digested with both Ndel and Xhol. (D) Analysis of recombinant plasmid
pPET-NS2. Lane M, DNA molecular weight marker; lane 1, uncut parental pET-26b(+) vector DNA,
lane 2, pET-26b(+) vector DNA digested with both Ndel and Xhol; lane 3, pET-NS2 plasmid DNA
digested with both Ndel and Xhol. The sizes of the DNA molecular weight marker (1 kb DNA Ladder;
New England Biolabs) are indicated to the left of the figures.
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The integrity of the cloned insert DNA was verified by nucleotide sequencing, the result of
which confirmed that nucleotides specifying the C-terminal stop codon of the NS2 were
successfully deleted. In addition, analysis of the deduced amino acid sequence confirmed that
the NS2 gene was cloned in frame with the hexahistidine tag sequence. The complete
nucleotide and deduced amino sequence of the cloned NS2 gene is provided in the Appendix

to this dissertation.

4.2 Analysis of recombinant NS2 protein expression in E. coli BL21(DE3)
4.2.1 SDS-PAGE and Western blot analyses

To determine whether the AHSV-4 NS2 protein could be expressed in E. coli, the non-
recombinant pET-26b(+) vector and recombinant pET-NS2 expression plasmid were
transformed into E. coli BL21(DE3) cells. For bacterial expression, overnight cultures of the
respective bacterial strains were inoculated into LB broth and grown in the presence of IPTG
to induce high-level protein expression. Following incubation, the cells of each culture were
harvested and whole-cell lysates were prepared. These samples were analyzed, together with
uninduced samples of the recombinant bacterial cultures, by SDS-PAGE and Western blot

analyses.

Analysis of the Coomassie blue-stained gel indicated the presence of an over-expressed protein
(45 kDa) in the sample prepared from induced E. coli BL21(DE3) cells transformed with pET-
NS2. A similarly over-expressed protein was not observed in the protein samples prepared
from E. coli BL21(DE3) cells transformed with the non-recombinant pET-26b(+) vector or in
the control uninduced bacterial cultures (Fig. 4.2A). To confirm the identity of the over-
expressed protein, an unstained SDS-polyacrylamide gel was subjected to Western blot
analysis. The results indicated that the over-expressed protein reacted specifically with the
anti-NS2 antibody, and no cross-reaction was observed with a similarly sized protein in the
control cell lysates (Fig. 4.2B). Thus, it was concluded that the AHSV-4 NS2 protein was

successfully expressed by the constructed recombinant bacterial expression vector.

4.2.2  Purification and characterization of the recombinant NS2 protein

Considering that the recombinant NS2 protein was expressed in E. coli BL21(DE3) with a
hexahistidine affinity tag at the C terminus and based on the requirement for pure NS2 protein
to be used in phosphorylation assays, it was next determined if the recombinant proteins could
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Figure 4.2: Expression of recombinant NS2 protein in E. coli BL21(DE3). Uninduced (Ul) and
IPTG-induced (I) cultures of E. coli BL21(DE3) cells transformed with the non-recombinant
pET26b(+) vector (pET) or with the recombinant pET-NS2 plasmid (pET-NS2) were harvested at 4 h
post-induction. Uninduced and IPTG-induced E. coli BL21(DE3) cells (BL21) were included as
controls. The bacterial whole-cell lysates were resolved by SDS-PAGE (A) and proteins from an
unstained gel were electroblotted onto a nitrocellulose membrane and subjected to Western blot analysis
with an anti-NS2 antibody (B). The position of the NS2 protein expressed with a histidine tag in the
Coomassie blue-stained gel is indicated by an asterisk. The sizes of the PageRuler Prestained Protein
Ladder (Thermo Scientific) are indicated in kDa to the left of the figures.
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Figure 4.3: Purification of the recombinant NS2 protein expressed in E. coli BL21(DE3).
Following expression of the NS2 protein in IPTG-induced E. coli BL21(DE3) cultures, cytoplasmic
protein fractions was prepared and the hexahistidine-tagged NS2 protein was purified by IMAC. The
purified NS2 protein (lane 1) was analyzed by SDS-PAGE and visualized by staining the gel with
Coomassie brilliant blue. The sizes of the PageRuler Prestained Protein Ladder (Thermo Scientific) are
indicated in kDa to the left of the figure.
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be purified by immobilized metal affinity chromatography (IMAC). This procedure is based
on the interactions between a transition metal ion (e.g., Co?*, Ni?*, Cu?* or Zn?*) immobilized
on a matrix and specific amino acid side chains. Among the different amino acids, histidine
exhibits the strongest interaction with immobilized metal ion matrices, as electron donor groups
on the histidine imidazole ring readily form coordination bonds with the immobilized transition
metal. Following the washing of the matrix, proteins containing a polyhistidine affinity tag
can be eluted by adding free imidazole to the elution buffer (Porath, 1992; Bornhorst and Falke,
2000).

The HisPur Cobalt Protein Purification kit (Thermo Scientific) was used to purify the
recombinant NS2 protein from IPTG-induced E. coli BL21(DE3) cultures. The NS2 protein
was purified from soluble protein fractions under non-denaturing (native) conditions and the
purity of the protein was assessed by SDS-PAGE. The result, presented in Fig. 4.3, indicated
that the NS2 protein was purified to near homogeneity and there was no apparent evidence of

degradation of the protein.

4.3 Identification of the kinase responsible for AHSV-4 NS2 protein phosphorylation

It has been reported previously that NS2 of EHDV and BTV can be phosphorylated by a
cellular kinase present in the cytoplasm of S. frugiperda-9 (Sf-9) insect cells (Theron et al.,
1994; Taraporewala et al., 2001), and it was subsequently reported that Casein kinase 2 (CK2)
mediates phosphorylation of the BTV NS2 protein (Modrof et al., 2005). To investigate
whether AHSV-4 NS2 could likewise be phosphorylated, the E. coli-expressed AHSV-4 NS2
protein was mixed with a Sf-9 cell lysate and incubated in the presence of ATP. An additional
reaction was also included in which 4, 5, 6, 7-tetrabromobenzotriazole (TBB), a specific
inhibitor of CK2, was added to the phosphorylation reaction mixture. Following incubation,
the NS2 protein was purified by IMAC and analyzed by SDS-PAGE to verify the successful
recovery of the recombinant NS2 protein. To determine whether the NS2 protein was
phosphorylated, a duplicate SDS-polyacrylamide gel was stained with Pro-Q Diamond
Phosphoprotein Gel Stain. This gel stain is a proprietary fluorescent stain that allows for the
selective staining of phosphoproteins in polyacrylamide gels, without the need for antibodies

or radioisotopes (Steinberg et al, 2003; Schulenberg et al, 2004).

As shown in Fig. 4.4, a cellular kinase present in the Sf-9 cell lysate was capable of

phosphorylating an unphosphorylated version of the E. coli-expressed NS2 protein (Fig. 4.4B,
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lane 3) and TBB was able to inhibit phosphorylation of NS2 (Fig. 4.4B, lane 4). These results
thus suggested that CK2 could be responsible for NS2 protein phosphorylation. To confirm
that CK2 is indeed responsible for the phosphorylation of NS2, equal amounts of the purified
unphosphorylated E. coli-expressed NS2 protein were incubated in the presence of CK2 and in
the absence or presence of TBB. Subsequent analysis of the SDS-polyacrylamide gel stained
with Pro-Q Phosphoprotein Gel Stain indicated that CK2 was able to phosphorylate the NS2
protein, whereas TBB inhibited phosphorylation of NS2 by CK2 (Fig. 4.5). Taken together,
the results of these experiments thus provide evidence that AHSV-4 NS2 is phosphorylated by
CK2.

4.4 Identification of serine residues representing targets for Casein Kinase 2

The NS2 protein of orbiviruses is the only virus-specified protein that is phosphorylated
(Huismans et al., 1987), and for both BTV (Modrof et al., 2005; Mohl and Roy, 2016) and
AHSV (this study) the NS2 protein is phosphorylated by Casein kinase 2 (CK2).
Phosphoamino acid analyses have revealed that serine residues located in the C terminus of the
BTV and AHSV NS2 proteins are the only phosphate acceptor sites (Devaney et al., 1988).
Thus, to identify serine residues that may represent potential targets for phosphorylation by
CKZ2, the amino acid sequence of AHSV-4 NS2 was analyzed with three different computer

prediction programmes.

A total of six serine residues present in the C terminus of the AHSV-4 NS2 protein were
predicted as potential phosphorylation sites of CK2. Of these, serine residues located at
positions 221 and 223 were identified with only one of the prediction programmes (GPS v.5)
and were therefore disregarded. Consequently, based on these analyses, four serine residues
of AHSV-4 NS2 were selected as potential phosphorylation sites, i.e., residues 256, 258, 262
and 270. In each of the analyses, the serine residue located at position 262 within the NS2
protein sequence demonstrated the highest likelihood of being phosphorylated, while the serine
residues located at positions 256, 258 and 270 were also likely candidates albeit with

comparatively lower scores (Table 4.1).
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Figure 4.4: In vitro phosphorylation of the E. coli-expressed NS2 protein. The E. coli-expressed
NS2 protein was mixed with a Sf-9 cell lysate and incubated in the presence of ATP. The hexahistidine-
tagged NS2 protein was then purified by IMAC and analyzed by SDS-PAGE (A), and a duplicate gel
was stained with Pro-Q Diamond Phosphoprotein Gel Stain to visualize phosphorylated proteins (B).
Lanes M, Protein molecular mass marker; lanes 1, Purified NS2 expressed in Sf-9 cells by a baculovirus
recombinant; lanes 2, Purified NS2 expressed in E. coli BL21(DE3); lanes 3, NS2 purified from the
phosphorylation mixture; lanes 4, NS2 purified from a phosphorylation reaction mixture containing 100
UM TBB to inhibit CK2 activity. The sizes of the PageRuler Prestained Protein Ladder (Thermo
Scientific) are indicated in kDa to the left of the figures.
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Figure 4.5: Phosphorylation of NS2 by protein kinase CK2. Equal amounts (0.3 ug) of purified
hexahistidine-tagged NS2 expressed in E. coli were mixed with CK2 and ATP. Following incubation,
the samples were electrophoresed on a SDS-polyacrylamide gel (A), and a duplicate gel was stained
with Pro-Q Diamond Phosphoprotein Gel Stain to visualize phosphorylated proteins (B). Lanes M,
Protein molecular mass marker; lanes 1, Purified NS2 expressed in Sf-9 cells by a baculovirus
recombinant; lanes 2, Purified NS2 expressed in E. coli BL21(DE3); lanes 3, NS2 incubated with CK2;
lanes 4, NS2 incubated with CK2 in the presence of 100 uM TBB to inhibit CK2 activity. The sizes of
the PageRuler Prestained Protein Ladder (Thermo Scientific) are indicated in kDa to the left of the
figures.
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Table 4.1 Putative CK2-phosphorylated serine residues (bold, underlined) within the C terminus of
the AHSV-4 NS2 protein, as predicted with different computer prediction programmes

Scansite 4.02

Position Amino acid sequence Score
256 TESMWCQSDSDDQSD 0.567
258 SMWCQSDSDDQSDED 0.536
262 QSDSDDQSDEDHEVG 0.391
270 DEDHEVGSTEPENYI 0.584

Group-based Prediction System (GPS) v.5°

Position Amino acid sequence Score
221 LSVQSNESRSDDVAR 11.693
223 VQSNESRSDDVARRH 8.124
256 TESMWCQSDSDDQSD 12.217
258 SMWCQSDSDDQSDED 14,578
262 QSDSDDQSDEDHEVG 18.145
270 DEDHEVGSTEPENYI 5.358

NetPhos-3.1°¢

Position Amino acid sequence Score
256 MWCQSDSDD 0.523
258 CQSDSDDQS 0.657
262 SDDQSDEDH 0.707
270 HEVGSTEPE 0.262

a ScanSite 4.0 predicts potential phosphorylation sites based on sequence comparisons between the protein of
interest and the optimal motif sequence of a given kinase. A score of 0.00 is considered to be a perfect match
between the optimal motif sequence and the protein of interest.

Group-based Prediction System (GPS) v.5 predicts locations for serine phosphorylation by CK2 according to
a hierarchical model by comparison of the protein sequence of interest to experimentally verified eukaryotic
phosphorylation sites found in the Phospho.ELM database. The evolutionary likelihood of a specific amino
acid mutating into a different residue is calculated, allowing for a score to be awarded based on the hypothesis
that closely related sequences would likely have similar three-dimensional structures and biochemical
properties. The scores are calculated as an average of the substitution scores of the sequence of interest
compared with the known target sequences. The higher the final score, the more similar the sequence is to
other known sequences (Xue et al., 2008).

NetPhos-3.1 predicts the likelihood of phosphorylation of serine residues by various cellular kinases using an
artificial neural network approach. A score is assigned to the candidate site that reflects the likelihood of it
being phosphorylated, with 0.000 being the most unlikely and 1.000 being the most likely (Blom et al., 2004).
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4.5 Construction of site-directed mutants of the AHSV-4 NS2 gene

To determine whether the identified serine residues are indeed phosphorylation sites of the
AHSV-4 NS2 protein, NS2 mutants were generated by substituting the respective serine
residues with alanine residues singularly (residues 256, 258, 262 and 270) and in combination
(residues 256 and 258). To characterize further the phosphorylation of NS2, additional NS2
mutants were generated in which selected serine residues were substituted with aspartate
residues (residues 256 and 258 singularly and in combination). An aspartate residue is
considered to mimic a phosphoserine residue due to its negative charge (Reddy et al., 2004;
Lewellyn and Loeb, 2011).

To generate the desired mutant NS2 genes, inverse PCR reactions were performed using
recombinant plasmid pJET-S8 as template DNA and appropriately designed primer pairs for
each mutant. The amplicons of approximately 4.1 kb, comprising the pJET1.2/blunt vector
(2.974 kb) and mutated NS2 gene (1.098 kb), were purified from an agarose gel,
phosphorylated in the presence of T4 Polynucleotide kinase and then self-ligated. Following
the transformation of competent E. coli DHS5a cells, plasmid DNA was extracted from
randomly selected transformants and subjected to DNA sequencing. The results, presented in
Fig. 4.6, confirmed the presence of the newly introduced site-specific mutations. These
plasmid constructs were designated pJET-NS2 S-A256, pJET-NS2 S-A258, pJET-NS2 S-
A262, pJET-NS2 S-A270, pJET-NS2 S-A256,258, pJET-NS2 S-D256, pJET-NS2 S-D258 and
pJET-NS2 S-D256,258, respectively.

The full-length nucleotide and deduced amino acid sequences of these mutated NS2 genes are

provided in the Appendix to this dissertation and furthermore confirm the absence of any
nucleotide differences other than the newly introduced site-specific mutations.
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pJET-NS2 S-D 256

pJET-NS2 S-D 258

pJET-NS2 S-D 256, 258

CTCAAWMRGATAG

GTCAAGWME GATESRGATGCGA

Figure 4.6: Sequence chromatograms indicating the presence of site-specific mutations
introduced into the NS2 gene. An inverse PCR strategy was used to mutate serine residues (AGT /
TCT), representing potential target sites for Casein kinase 2 in the C terminus of the NS2 protein, to
either alanine residues (GCC) or aspartate residues (GAC). The derived mutant plasmids were
sequenced and shown is relevant sequences compared to that of the wild-type NS2 gene sequence.
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4.6 Construction of recombinant bacmid donor plasmids harbouring wild-type and
mutated NS2 genes
It had been established earlier that Casein kinase 2 present in S. frugiperda-9 (Sf-9) insect cells
is capable of phosphorylating the NS2 protein of AHSV-4 (Fig. 4.4). Therefore, to facilitate
studies aimed at identifying phosphorylated serine residues in the C terminus of the AHSV-4
NS2 protein and to evaluate the relevance of NS2 protein phosphorylation on the ability of the
protein to form inclusion bodies (IBs), the Bac-to-Bac baculovirus expression system was used
for the synthesis of the wild-type and mutant versions of the NS2 protein in Sf-9 cells. The
pFastBac HTa donor vector (Fig. 4.7A) was selected to ensure cloning of the wild-type and
mutated NS2 genes in frame with the N-terminal hexahistidine tag present in the vector.
Expression of the respective wild-type and mutant NS2 proteins with a hexahistidine tag would
facilitate purification of the recombinant proteins from Sf-9 cells and thus allow for evaluation
of NS2 protein phosphorylation with minimal to no interference from other cellular

phosphoproteins.

To enable cloning of the wild-type and mutated versions of the NS2 gene into the bacmid donor
vector pFastBac HTa, the recombinant pJET-S8 plasmid, harbouring the wild-type NS2 gene,
the various pJET-NS2 mutant plasmid constructs and pFastBac HTa donor vector DNA were
digested with both EcoRI and Xhol. The excised wild-type and mutated NS2 genes, as well as
digested donor vector DNA were purified from an agarose gel and ligated. Following the
transformation of competent E. coli DH5a cells with the ligation reaction mixtures, plasmid
DNA isolated from randomly selected ampicillin-resistant transformants was analyzed by
agarose gel electrophoresis. Plasmid DNA migrating slower than the parental pFastBac HTa
vector DNA on an agarose gel was selected and characterized further by restriction enzyme
digestion. Digestion of the recombinant bacmid donor plasmids with both EcoRI and Xhol
resulted in the excision of a 1.098-kb DNA fragment, indicating that the wild-type NS2 gene
and mutated versions of the NS2 gene had been cloned successfully (Fig. 4.7B). These
recombinant donor plasmids were subsequently used to generate recombinant bacmids, as

described in the following section.
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Figure 4.7A: Plasmid map of the pFastBac HTa donor vector. The cloning sites used for the
insertion of the wild-type and mutated AHSV-4 NS2 genes are indicated in red boxes.
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Figure 4.7B: Agarose gel electrophoretic analysis of recombinant pFastBac HTa plasmids
harbouring wild-type and mutated NS2 genes. The recombinant bacmid donor plasmids, as indicated
in the figure, were digested with both EcoRI and Xhol to excise the NS2-specific insert DNA. The sizes
of the DNA molecular weight marker (1 kb DNA Ladder; New England Biolabs) are indicated to the
left of the figure.
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4.7 Engineering and characterization of recombinant bacmids

Bacmid DNA replicates as a large plasmid (135 kb) in E. coli DH10Bac cells and confers
resistance to kanamycin, as well as complements a lacZ-deletion present on the E. coli genome
to form colonies that are blue in the presence of X-gal. During the site-specific transposition
of the recombinant donor plasmid, a mini-Tn7 cassette is inserted from the donor plasmid into
the mini-attTn7 attachment site on the bacmid DNA, thereby disrupting expression of the
LacZa. peptide. Consequently, colonies containing the recombinant bacmid display a white
phenotype and can be easily distinguished from blue colonies that harbour the unaltered bacmid
when plated in the presence of X-gal and IPTG. The transposition functions are provided in
trans by a helper plasmid (pMON7124) that encodes the transposase and confers resistance to

tetracycline (Luckow et al., 1993).

Recombinant bacmid DNA was engineered by transforming competent E. coli DH10Bac cells
with the respective recombinant pFastBac HTa donor plasmids and selecting recombinant
bacmids by plating the transformed cells onto a selective medium. The high-molecular-weight
recombinant DNA was subsequently extracted from transformants with a white-colony
phenotype and used as template DNA in PCR assays to confirm the successful transposition of
the respective wild-type and mutated NS2 genes into the bacmid DNA. For this purpose, the
pHed-F forward primer and universal pUC/M13-R reverse primer were used. The pHed-F
primer anneals to the polyhedrin promoter of the transposed vector DNA, whereas the
pUC/M13-R oligonucleotide anneals to the 3’-end of the mini-attTn7 site within the lacZa
gene of the bacmid DNA (Fig. 4.8A).

By making use of recombinant bacmid DNA transposed with either the wild-type or various
mutant NS2 donor plasmids as template DNA for PCR, together with the pHed-F and universal
pUC/M13-R primers, bands of approximately 1.7 kb were observed (Fig. 4.8B). The size of
the observed amplicons corresponded with the size of the NS2 (1.098 kb) gene, together with
the size of the mini-Tn7 cassette (458 bp) and bacmid DNA flanking the mini-attTn7 site (145
bp). By contrast, no amplification products were observed when wild-type bacmid DNA was
used as a template in the PCR reactions. Recombinant bacmids were selected and designated
Bac-NS2 S-A256, Bac-NS2 S-A258, Bac-NS2 S-A262, Bac-NS2 S-A270, Bac-NS2 S-
A256,258, Bac-NS2 S-D256, Bac-NS2 S-D258 and Bac-NS2 S-D256,258, respectively. These

recombinant bacmids were used in all subsequent experiments.
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Figure 4.8A: Schematic representation of transposed bacmid DNA. The annealing positions of the
polyhedrin forward primer (Polh) and the pUC/M13 revere primer (M13) is indicated, as well as the
size of the mini-attTn7 cassette DNA and the bacmid DNA flanking the cassette. The position of the
transposed AHSV-4 wild-type or mutated NS2 gene (red), along with the N-terminal hexahistidine tag
(blue), within the bacmid DNA is also indicated.
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Figure 4.8B: Agarose gel electrophoretic analysis of amplicons derived from recombinant bacmid
DNA following PCR analysis. Wild-type bacmid DNA and recombinant bacmid DNA, as indicated in
the figure, were used as templates in PCR analysis together with polyhedrin forward and the pUC/M13
reverse primers. The sizes of the DNA molecular weight marker (1 kb DNA Ladder; New England
Biolabs) are indicated to the left of the figures.
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4.8 Recombinant NS2 protein expression in Sf-9 cells

Wild-type and recombinant bacmid DNA were isolated from E. coli DH10Bac cultures and
transfected into Sf-9 cells. The progeny virus, resulting from each transfection, was collected
at 72 h post-transfection, and propagated in monolayer cultures and the titre of the recombinant
virus stocks was determined by plaque assays. The titre of each baculovirus stock ranged
between 7.8 x 107 and 2.3 x 108 pfu/ml. To determine whether the respective AHSV-4 wild-
type and mutant NS2 proteins were synthesized in recombinant baculovirus-infected cells,
monolayers of Sf-9 cells were mock-infected and infected with either the wild-type or
recombinant baculoviruses. Following incubation for 72 h, whole-cell lysates were analyzed
by Western blot analysis.

Analysis of the Western blot indicated that the anti-NS2 antibody reacted specifically with a
single protein present in the whole-cell lysates prepared from Sf-9 cells infected with
recombinant baculoviruses expressing the wild-type and mutant NS2 proteins. However, the
molecular mass of the proteins differed and appeared to be dependent on the nature and position
of the introduced mutations. In the case of mutant NS2 proteins in which Ser-256, Ser-258 or
Ser-262 as well as both Ser-256 and Ser-258 were substituted with alanine, the primary
antibody reacted with proteins of an approximate molecular mass of 36 kDa. In contrast, the
primary antibody reacted with a protein of an approximate molecular mass of 38 kDa in the
case of mutant NS2 in which Ser-270 was substituted with alanine (Fig. 4.9). For mutant NS2
proteins in which the targeted serine residues were substituted with aspartate, the primary
antibody reacted with a single protein with a molecular mass of 48 kDa and is in agreement
with the result obtained for the wild-type NS2 protein (Fig. 4.9). Notably, in the case of the
wild-type NS2 protein, the anti-NS2 antibody also occasionally reacted with an additional
protein present in the whole-cell lysate prepared from Sf-9 cells infected with the baculovirus
recombinant. The molecular mass of this immune-reactive NS2 protein was 35 kDa. It is
tempting to speculate that this protein may represent an unphosphorylated version of the NS2

protein, as it could not be detected in subsequent phosphorylation assays (Figs. 4.10 and 4.11).

From the results, it could be concluded that the wild-type NS2 protein and the different mutant
NS2 proteins were expressed successfully in Sf-9 cells by means of the engineered baculovirus
recombinants, albeit the electrophoretic mobility of the mutant NS2 proteins was affected by
the nature and position of the introduced mutations.
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Figure 4.9: Western blot analyses of whole-cell lysates prepared from S. frugiperda cells infected
with recombinant baculoviruses. S. frugiperda cells were mock-infected and infected with the non-
recombinant (WT) baculovirus or recombinant baculoviruses, as indicated in the figure, and analyzed
for protein expression at 72 h post-infection. Whole-cell lysate proteins were resolved by SDS-PAGE,
electroblotted onto nitrocellulose membranes and then subjected to Western blot analysis with an anti-
NS2 antibody. The sizes of the PageRuler Prestained Protein Ladder (Thermo Scientific) are indicated
in kDa to the left of the figures.

74



4.9 Mapping of phosphorylated serine residues in NS2

To determine whether the serine residues identified and selected during bioinformatics analysis
of the AHSV-4 NS2 protein were the phosphorylation sites of the protein, the wild-type NS2
and NS2 mutants were expressed in Sf-9 cells by making use of the engineered baculovirus
recombinants. Following incubation for 72 h, the NS2 and NS2 mutant proteins were purified
from the infected cell lysates with IMAC and analyzed by SDS-PAGE to confirm the
expression and purification of the respective proteins. Subsequently, a duplicate gel was
stained with Pro-Q Diamond Phosphoprotein Gel Stain in order to determine the
phosphorylation state of the wild-type and mutant NS2 proteins.

As observed previously (Figs. 4.4B and 4.5B, lanes 1), the wild-type NS2 protein was strongly
phosphorylated. However, the substitution of Ser-256 (NS2 S-A256) or Ser-258 (NS2 S-A258)
with alanine resulted in reduced levels of phosphorylation. Notably, when both these residues
were mutated to alanine, the NS2 mutant (NS2 S-A256,258) showed a complete loss of a
phosphorylation signal. In contrast, the substitution of Ser-262 (NS2 S-A262) or Ser-270 (NS2
S-A270) with alanine appeared to have a lesser effect on NS2 phosphorylation (Fig. 4.10).

For relative quantification of the phosphorylation state of the serine-to-alanine NS2 mutant
proteins, the phosphorylation signal was quantified from the acquired image with ImageJ
software and compared to wild-type NS2, which was considered to be 100% phosphorylated.
The NS2 S-A256 and NS2 S-A258 mutant proteins were phosphorylated to 27% and 25%,
respectively, compared to the wild-type NS2 protein, whereas the NS2 S-A256,258 dual mutant
protein was phosphorylated to 15% compared to the wild-type NS2 protein. In contrast, a
smaller difference was noted for the NS2 S-A262 (63%) and NS2 S-A270 (67%) mutant
proteins compared to the wild-type NS2 protein (Fig. 4.10C).

To further characterize the phosphorylation of NS2, Sf-9 cells were infected with recombinant
baculoviruses expressing NS2 mutants in which Ser-256 (NS2 S-D256) or Ser-258 (NS2 S-
D258) and both of these residues were substituted with aspartate residues (NS2 S-D256,258).
Using the same approach described above, the wild-type NS2 protein was highly
phosphorylated and, as expected, the mutant proteins NS2 S-D256 and NS2 S-D258 showed
lower levels of phosphorylation and NS2 S-D256,258 gave no detectable signal on the
phosphoprotein-stained gel (Fig. 4.11). Relative quantification of the phosphorylation state of

75



(A) (B)

S
s £y :
S§E 5555
F v & 9 » @
Sy & £ 2 FF £
70kDa 70 kDa
40 kDa 40 kDa |
- - - -
35 kDa - 35 kDa &%
25kDa
©)
_ 10
S
2.
(72}
c
S
g
c B
[«b)
&
e
5 s
=
Y
[«5)
T .
—
K
(5]
o ’ N D
2 $ & g 8 o
= N N N ) N =
& X X i X S S
& @ ) () (o) o QQ
g & & & F 4
< < < S5 w%
)
&

Figure 4.10: Phosphorylation state analysis of NS2 and serine-to-alanine NS2 mutant proteins
expressed in S. frugiperda cells. The hexahistidine-tagged wild-type and mutant NS2 proteins were
purified at 72 h post-infection by IMAC from cytoplasmic protein fractions prepared from cells infected
with the recombinant baculoviruses. Equal amounts (0.3 ug) of the purified protein samples, as
indicated in the figures, were analyzed by SDS-PAGE (A), and a duplicate SDS-polyacrylamide gel
was stained with Pro-Q Diamond Phosphoprotein Gel Stain to visualize phosphorylated proteins (B).
NS2 expressed in E. coli BL21(DE3) was included in the assay as an unphosphorylated NS2 control.
The sizes of the PageRuler Prestained Protein Ladder (Thermo Scientific) are indicated in kDa to the
left of the figures. (C) Relative quantification of the phosphorylation state of NS2 mutant proteins.
The fluorescence signals of wild-type NS2 and NS2 mutants from the acquired image presented in (B)
were quantified using ImageJ software and compared to the wild-type NS2 phosphorylation level (set
as 100%). Error bars represent the standard deviation values from three independent measurements.
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Figure 4.11: Phosphorylation state analysis of NS2 and serine-to-aspartate NS2 mutant proteins
expressed in S. frugiperda cells. The hexahistidine-tagged wild-type and mutant NS2 proteins were
prepared, as described in the legend to Fig. 4.10. Equal amounts (0.3 ug) of the purified protein
samples, as indicated in the figures, were analyzed by SDS-PAGE (A), and a duplicate SDS
polyacrylamide gel was stained with Pro-Q Diamond Phosphoprotein Gel Stain to visualize
phosphorylated proteins (B). NS2 expressed in E. coli BL21(DE3) was included in the assay as an
unphosphorylated NS2 control. The sizes of the PageRuler Prestained Protein Ladder (Thermo
Scientific) are indicated in kDa to the left of the figures. (C) Relative quantification of the
phosphorylation state of NS2 mutant proteins. The fluorescence signals of wild-type NS2 and NS2
mutants from the acquired image presented in (B) were quantified using ImageJ software and compared
to the wild-type NS2 phosphorylation level (set as 100%). Error bars represent the standard deviation
values from three independent measurements.
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these serine-to-aspartate NS2 mutant proteins indicated that both the NS2 S-D256 and NS2 S-
D258 mutant proteins were phosphorylated to 28%, compared to the wild-type NS2 protein,
whilst the NS2 S-D256,258 dual mutant protein was phosphorylated to 18% compared to the
wild-type NS2 protein (Fig. 4.11C).

The data, together with that presented earlier (Section 4.3), provides evidence that NS2 is
predominantly phosphorylated at serine residues, specifically serine residues 256 and 258, and
that both these residues are recognized as substrates by cellular protein kinase CK2.

4.10 Influence of phosphorylation of NS2 on the formation of AHSV inclusion bodies

The NS2 protein is the main component of virus inclusion bodies (VIBs) that appear in the
cytoplasm of orbivirus-infected cells (Kar et al., 2007), and it has been reported that
recombinant baculovirus-expressed NS2 of BTV and AHSV can form similar inclusion bodies
(Brookes et al., 1993; Uitenweerde et al., 1995). To determine whether phosphorylation of
NS2 is responsible for the formation of inclusion bodies (IBs), Sf-9 cell monolayers grown on
cover slips were infected with recombinant baculoviruses expressing the mutant versions of
the AHSV-4 NS2 protein and processed at 72 h post-infection for immunofluorescence analysis
using confocal microscopy. As a control, the wild-type NS2 was similarly expressed and

examined.

Throughout this study, a hexahistidine-tagged NS2 protein was used as the wild-type protein.
Comparison of the IBs formed by this tagged NS2 protein and those formed by NS2 lacking a
tag sequence and the VIBs formed in BSR mammalian cells infected with AHSV-4, indicated
no discernible differences. This, therefore, indicated that the hexahistidine tag did not interfere
with NS2 inclusion body formation and confirmed that the IBs formed by expression of NS2

in Sf-9 cells resemble the VIBs observed in virus-infected cells (Fig. 4.12, Top panel).

In contrast to the expression of wild-type NS2 in Sf-9 cells, which resulted in the formation of
NS2 aggregates similar to VIBs, the expression of NS2 S-A256,258 did not show the distinct
aggregation of the wild-type NS2 protein. Indeed, NS2 S-A256,258 was predominantly
dispersed throughout the cytoplasm of infected cells. Analysis of NS2 mutants with
substitution of either Ser-256 (NS2 S-A256) or Ser-258 (NS2 S-A258) indicated intermediate
distribution patterns. When Ser-256 only was substituted, the NS2 S-A256 mutant protein
formed aggregates that were larger and less defined, and the mutant protein was also partially
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dispersed throughout the cytoplasm of infected cells. In contrast, when only Ser-258 was
substituted, the NS2 S-A258 mutant protein was mainly distributed throughout the cytoplasm
of infected cells. Investigation of the NS2 mutants with substitution of either Ser-262 (NS2 S-
A262) or Ser-270 (NS2 S-A270) indicated aggregation of the mutant NS2 proteins into IBs
that resembled those observed in cells infected with the baculovirus recombinant expressing
wild-type NS2. Analysis of NS2 mutants in which selected serine residues were substituted
with aspartate (NS2 S-D256, NS2 S-D258 and NS2 S-D256,258, respectively) indicated the
formation of intracellular I1Bs that punctuated the cell cytoplasm of infected cells and was
similar to that of the wild-type NS2 protein (Fig. 4.12).

Based on the results, it was concluded that phosphorylation of NS2 appears to be important for

the formation of NS2 inclusion bodies and also that the negative charges on the phosphoserine

residues rather than the serine residues themselves are crucial for the formation of IBs.
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NS2 S-D258

Figure 4.12: Confocal microscopy micrographs showing the inclusion bodies in S. frugiperda cells infected with baculovirus recombinants expressing NS2 and NS2 mutant proteins.
S. frugiperda cells were infected with recombinant baculoviruses expressing wild-type (WT) NS2 or NS2 mutant proteins in which serine (S) residues were substituted with either alanine (A) or
aspartate (D) residues, as indicated in the figure. The cells were fixed at 24 h post-infection, and the respective NS2 proteins were detected with an anti-NS2 primary antibody (rabbit) and Alexa
Fluor 488-conjugated goat anti-rabbit secondary antibody (green). The nuclei were stained with DAPI (blue). Cells infected with a recombinant baculovirus expressing an untagged version of
the AHSV-4 NS2 protein (Bac-NS2) and BSR cells infected with AHSV-4 (AHSV-4/BSR) are shown for comparative purposes (images by Ms Litia Yssel, unpublished). Micrographs of mock-
infected Sf-9 cells and cells infected with wild-type (WT) baculovirus are included, indicating the antibody did not bind to cellular or baculovirus-expressed proteins. Scale bars = 10 pum.
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Various members of the order Reovirales replicate in the cytoplasm of host cells by forming
virus inclusion bodies (VIBs). These structures serve multiple purposes during infection that
include the concentration of viral proteins and host factors to ensure the high efficiency of
replication, sequestration of viral nucleic acids and proteins to prevent the activation of cell-
intrinsic defenses and coordinate the assembly of progeny particles (Kar et al., 2007; Tenorio
et al., 2019; Papa et al., 2021; Fernandez de Castro et al., 2021). Although knowledge about
VIB biogenesis has been enhanced through ultrastructural and functional studies (Stuart and
Grimes, 2006; Patton et al., 2006; Mumtsidu et al., 2007; de Castro et al., 2013; Garcés Suérez
et al., 2019), for many viruses, including African horse sickness virus (AHSV), the mechanism
required for their formation remain largely unknown. The AHSV non-structural protein NS2,
which is one of the first viral proteins synthesized in virus-infected cells, plays a crucial role in
the formation of VVIBs. Expression of NS2 alone results in the formation of VIB-like structures
and therefore suggests that NS2 is the viral protein responsible for inclusion body (IB)
formation (Brookes et al., 1993; Uitenweerde et al., 1995). Another distinguishing feature of
NS2 is that it is the only virus-specified phosphoprotein (Huismans et al., 1987; Thomas et al.,
1990), but the functional relevance of this post-translational modification for protein function
is not well understood. Given the paucity of information on AHSV NS2 protein
phosphorylation and the role of NS2 phosphorylation in the replication cycle of AHSV, this
study specifically addressed the following questions: (i) which enzyme/s are responsible for
NS2 protein phosphorylation, (ii) which site/s within the NS2 protein are phosphorylated, and
(iii) what is the role of such phosphorylation on NS2 function, especially with regards to VIB

formation?

To firstly elucidate the mechanism by which phosphorylation of AHSV NS2 occurs, the NS2
protein of AHSV-4 was expressed in Escherichia coli and its phosphorylation status was
compared to that of NS2 expressed in Spodoptera frugiperda (Sf-9) insect cells by a
baculovirus recombinant. The result from a phosphoprotein staining assay, which allows for
the staining of phosphorylated proteins directly in SDS-polyacrylamide gels (Schulenberg et
al, 2004), indicated that the bacterial-expressed NS2 was not phosphorylated, whereas the
recombinant baculovirus-expressed NS2 was strongly phosphorylated. From these results it
could therefore be concluded that the NS2 protein of AHSV lacks an autophosphorylation
activity and is in agreement with results reported previously for the NS2 proteins of Bluetongue
virus (BTV) (Thomas et al., 1990; Taraporewala et al., 2001) and Epizootic haemorrhagic

diseases virus (EHDV) (Theron et al., 1994). Moreover, it could also be concluded that a
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protein kinase present in Sf-9 cells is responsible for AHSV NS2 phosphorylation. The protein
kinase responsible for NS2 phosphorylation was subsequently identified by phosphorylation of
purified E. coli-expressed NS2 preparations with casein kinase 2 (CK2) and by making use of
the CK2 inhibitor TBB. It has been shown that TBB is highly specific for CK2 and does not
affect the activities of more than 30 other protein kinases tested (Sarno et al., 2001; Battistutta
et al., 2001). TBB inhibited the NS2 phosphorylating activity in Sf-9 cell lysates and that of
purified CK2 to undetectable levels, as was evidenced by the lack of phosphorylation signal
upon phosphoprotein staining of the treated NS2 protein samples. These results thus indicated
that CK2 is responsible for AHSV-4 NS2 phosphorylation. Phosphorylation of BTV NS2 by
CK2 has also been reported (Modrof et al., 2005; Mohl and Roy, 2016) and may suggest that
phosphorylation of different orbivirus NS2 proteins occurs through a common mechanism that

involves the same protein kinase.

Having established that CK2 is responsible for NS2 phosphorylation and taking into
consideration that an earlier study indicated that only C-terminal serine residues are
phosphorylated in the NS2 proteins of BTV and AHSV (Devaney et al., 1988), the NS2 protein
of AHSV-4 was analyzed for the presence of CK2 target sites. Computer-assisted screening
of the NS2 amino acid sequence revealed that four serine residues (i.e., Ser-256, Ser-258, Ser-
262 and Ser-270), clustered in the C-terminal region of AHSV-4 NS2, represented potential
target sites for CK2. Closer inspection of these sites indicated that only Ser-256 and Ser-262
have the downstream signature sequence SDSD and SDED, respectively, which corresponds
to the minimum consensus sequence recognized by CK2 (S X X E/D) (Meggio et al., 1994).
However, besides the minimal sequence, several other elements have been identified as
important in determining phosphorylation by CK2. In general, additional acidic amino acids
(Asp, D and Glu, E) act as positive determinants, especially downstream at positions up to n+7
relative to the target serine residue (Meggio and Pinna, 2003; Vilardell et al., 2018). This
configuration is evident in the amino sequence downstream of Ser-258, which contains five
acidic amino acids. In contrast, the amino acid sequence downstream of Ser-270 comprised
mostly of neutral amino acids and only two acidic amino acids are present, which may account
for the low phosphorylation prediction score in each of the three prediction programmes used
in this study (Table 4.1). Nevertheless, all four serine residues were selected and subsequently
evaluated as potential phosphorylation sites of the NS2 protein.
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Towards mapping of the phosphorylated sites within the NS2 protein of AHSV-4, NS2 mutant
proteins in which the predicted CK2 target serine residues were substituted with either alanine
(A) or aspartate (D) residues were expressed by means of the baculovirus-insect cell expression
system. It was reported previously that BTV NS2 expressed transiently in mammalian cells
and NS2 expressed in Sf-9 cells are phosphorylated at identical sites in the C terminus of these
proteins (Modrof et al., 2005; Mumtsidu et al., 2007). Therefore, the use of recombinant
AHSV-4 NS2 expressed in the baculovirus-insect cell expression system should allow for
accurate mapping of phosphorylated residues in the NS2 protein. Analysis of cell lysates
prepared from recombinant baculovirus-infected Sf-9 cells indicated that the NS2 mutant
proteins displayed heterogeneous electrophoretic mobility in SDS-polyacrylamide gels that
was especially noticeable for the serine-to-alanine NS2 mutant proteins. It is unlikely that the
apparent difference in molecular mass of the NS2 mutant proteins was due to errors introduced
during the construction and cloning of the mutated NS2 genes, since nucleotide sequence
analysis confirmed that the sizes and sequences were identical, except for the site-specific
mutations that were introduced to mutate selected serine residues (Appendix). It is also
unlikely that the full-length NS2 protein was proteolytically cleaved by a ubiquitous cellular
protease, since NS2 proteins in which selected serine residues were mutated to aspartate
displayed identical electrophoretic mobility compared to the wild-type NS2 protein.
Consequently, the most likely factor to influence the electrophoretic mobility of the serine-to-
alanine NS2 mutant proteins may be due to differences in the basal phosphorylation levels (and
thus by implication the net negative charge) of the various serine-to-alanine NS2 mutant
proteins. In contrast, in the case of NS2 mutant proteins in which the phosphomimic amino
acid aspartate (Lewellyn and Loeb, 2011) was used to replace the serine residues, the mutant
NS2 proteins are expected to retain the electrochemical properties of the fully phosphorylated
NS2 protein. This may therefore explain the uniform electrophoretic mobility of these NS2
mutant proteins and their identical migration to the wild-type NS2 protein in the SDS-

polyacrylamide gels.

In support of the above, it has been reported that proteins containing dense clusters of
negatively charged residues or proteins that have been post-translationally modified can display
anomalies in electrophoretic mobility during SDS-PAGE (Lee et al., 2013; Tiwari et al., 2019).
Moreover, phosphorylation of the rotavirus NSP5 protein results in widely variable migration
patterns in SDS-PAGE (Afrikanova et al., 1996; Blackhall et al., 1998). The NSP5 protein,

which together with NSP2 contributes to viroplasm formation (Criglar et al., 2018), is
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phosphorylated at its C terminus by a CK1a / CK2-dependent mechanism (Eichwald et al.,
2002; Eichwald et al., 2004; Campagna et al., 2007). The NS2 proteins of BTV (Taraporewela
et al., 2001; Butan et al., 2004) and EHDV (Theron et al., 1994) can also be presented as two
bands upon electrophoresis in SDS-polyacrylamide gels, and it was suggested that these may

represent differentially phosphorylated versions of the NS2 protein.

To identify which of the selected serine residues within the AHSV-4 NS2 protein are
phosphorylated, a phosphoprotein staining assay was performed of the recombinant
baculovirus-expressed wild-type NS2 and NS2 mutant proteins. It was demonstrated that wild-
type NS2 and NS2 mutant proteins in which Ser-262 or Ser-270 was substituted with alanine
were phosphorylated. Mutant NS2 proteins in which Ser-256 or Ser-258 were substituted
stained less intensely compared to the above proteins, and substitution of both these serine
residues with alanine yielded no phosphorylation signal. These results thus mapped the
phosphorylation within NS2 to Ser-256 and Ser-258. Direct supporting evidence was obtained
in a parallel, independent experiment in which the phosphorylation state of NS2 mutants with
serine-to-aspartate mutations was evaluated. As above, the results confirmed that the
substitution of either Ser-256 or Ser-258 with aspartate resulted in a faint phosphorylation
signal, whereas no signal was detected for a dual NS2 mutant protein. These results
furthermore suggest that NS2 is not phosphorylated by a hierarchical mechanism, i.e., where
the addition of phosphate through a phosphorylation event in the protein creates adequate
sequence determinants for other nearby phosphorylation events to occur and thus results in
processive phosphorylation events catalyzed by a single kinase (Roach et al., 1991). Rather,
the results of this study suggest that each Ser-256 and Ser-258 serve as independent target sites
for CK2. This is supported by observations that the NS2 mutant proteins in which these serine
residues were substituted individually with alanine or aspartate yielded near identical levels of

phosphorylation.

Since NS2 is essential for the formation of cytoplasmic inclusion bodies, the role of NS2
phosphorylation in this process was assessed by immunofluorescence confocal microscopy
with an antibody against NS2 of AHSV-4. It was readily apparent that IB formation was
adversely affected by impaired NS2 phosphorylation, as evidenced by the intermediate
distribution pattern of the NS2 mutant proteins in which Ser-256 (NS2 S-A256) or Ser-258
(NS2 S-A258) was mutated to alanine. Most strikingly, when both these serine residues were
substituted with alanine, the dual NS2 mutant protein (NS2 S-A256,258) failed to form IBs in
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the cytoplasm of recombinant baculovirus-infected Sf-9 cells. However, mutation of these
serine residues to aspartate, which mimics a phosphorylated state, resulted in the formation of
IBs similar to those formed by the wild-type NS2 protein. This, therefore, suggests that it is
the negative charges introduced by NS2 phosphorylation rather than the serine residues that
are important for IB formation. Taken together, the results indicate a phosphorylation-
dependent mechanism for AHSV inclusion body formation that requires a cellular CK2 protein

kinase and phosphorylation of NS2 to form these cytoplasmic structures.

In addition to the phosphorylation of the NS2 protein, a recent paper suggested that the ability
of the BTV NS2 protein to bind to Ca?* by means of an EF-hand-like motif (D X D X D)
present in the C terminus of the protein affects the phosphorylation level of NS2 and, as such,
has an important role in regulating VIB assembly (Rahman et al., 2020). However, it should
be noted that the Ca?* binding motif mutated by Rahman et al. (2020) corresponds to the CK2
consensus sequences downstream of Ser-249 (SDDDDQ), which is one of two serine residues
phosphorylated in the BTV NS2 protein (Modrof et al., 2005). It, therefore, follows that
mutagenesis of this Ca?* binding site / CK2 phosphorylation site through substitution of the
acidic amino acid residues with neutral alanine amino acid residues would prevent NS2
phosphorylation at this site, irrespective of Ca?* binding or not. Moreover, EF-hand motifs
often occur upstream of a-helices and are associated with regulating large conformational
changes in helical domain function in a cooperative manner (Rigden and Galperin, 2004; Elies
et al., 2020). Thus, in addition to mutating the CK2 phosphorylation site in BTV NS2, the
mutation may also have affected the folding conformation of the protein and therefore the
accessibility of the downstream Ser-259 for phosphorylation by CK2. Based on the
aforementioned, it is not surprising that the NS2 protein of a recombinant BTV, obtained
through reverse genetics, was reported to be phosphorylated at a lesser extent than the wild-
type NS2 protein and that the formation of VIBs was impaired. It can therefore be posited that
phosphorylation of NS2, and not its ability to bind Ca?* as suggested by Rahman et al. (2020),
is an important factor critical for VIB formation. In support of this, the results of this study
indicated that differences in the level of NS2 phosphorylation impact the formation of VIB-
like structures (Fig. 4.12). This was clearly observed by comparing the 1Bs formed by the
partially phosphorylated mutant proteins NS2 S-A256 and NS2 S-A258 (cytoplasmic
distribution of the mutant proteins), the unphosphorylated protein NS2 SA256,258 (lack of IB
formation) and the fully phosphorylated wild-type NS2 (IBs were formed comparable to VIB-

like structures in virus-infected cells). Consequently, whether Ca?* is an important role player
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in NS2 function or serves as a regulator of VIB formation requires further investigation before

any definitive conclusions can be drawn.

In conclusion, non-structural proteins play a key role in the replication cycle of viruses. Prior
investigations have established that the AHSV NS2 protein binds single-stranded RNA, is
associated with the VIBs present in infected cells, and is the only phosphorylated AHSV
protein (Theron et al., 1994; Uitenweerde et al., 1995). Although the first two properties of
the NS2 protein suggest that it may be responsible for sequestering viral mMRNAs at the sites of
assembly of new viral particles, not much is known regarding the functional importance of
AHSV NS2 protein phosphorylation. The results of this study showed that IB formation by
the AHSV NS2 protein occurs by a phosphorylation-dependent mechanism that requires CK2
phosphorylation of NS2 at serine residues 256 and 258. Since protein phosphorylation impacts
diverse processes and interactions, including protein-protein and protein-nucleic acid
interactions (Cohen, 2000; Jakubiec and Jupin, 2007), it is possible that phosphorylation of the
NS2 protein may govern its interaction with viral proteins and/or viral MRNA during the virus
replication cycle. As such, the role and relevance of NS2 phosphorylation in the context of

virus replication warrants further investigation.
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CHAPTER SIX

CONCLUDING REMARKS
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Previous studies on the NS2 protein of the African horse sickness virus (AHSV) have sought
to characterize the properties of the protein. These studies, mostly dating back to the 1990s,
have reported that NS2 is the major component of virus inclusion bodies (VIBs), is able to bind
single-stranded (ss) RNA, and is phosphorylated (Devaney et al., 1988; Theron et al., 1994;
Uitenweerde et al., 1995). However, the functional importance of these properties during virus
replication has received little attention. Consequently, towards the long-term goal of
understanding the role of NS2 in the replication cycle of AHSV, this study aimed to elucidate
the mechanism of NS2 phosphorylation and to evaluate the importance of NS2 phosphorylation
on its ability to form VIB-like structures. In this conclusion, the main results emanating from

this study are summarized briefly and suggestions regarding future research are made.

The results of this study indicated that the NS2 protein of AHSV-4 lacks autophosphorylation
activity and is phosphorylated by Casein kinase 2 (CK2) at two serine residues (Ser-256 and
Ser-258) in the C terminus of the protein. Moreover, it was established that NS2
phosphorylation is required for the protein to assemble into cytoplasmic inclusion bodies (1Bs).
These results are similar to that reported for the Bluetongue virus (BTV) NS2 protein (Modrof
et al., 2005; Mohl and Roy, 2016), suggesting that IB-formation by orbiviruses may occur

through a common mechanism.

In orbiviruses-infected cells, the VIBs are considered to be the sites of virus replication and
early virus assembly (Patel and Roy, 2014). As such, AHSV NS2 can be expected to interact
with and recruit into VIBs, the various viral structural proteins as well as viral ssSRNA
transcripts that serve as the substrates for packaging into progeny virions. Therefore, in
addition to its importance for IB formation, it may be reasonable to assume that
phosphorylation of the NS2 protein may regulate its interaction with other viral proteins and
viral ssRNA during the assembly of particles in the VIBs. It has been reported that
phosphorylation of the BTV NS2 protein has no effect on its sSSRNA binding activity (Thomas
et al., 1990; Modrof et al., 2005), whereas phosphorylation of the Epizootic haemorrhagic
disease virus (EHDV) NS2 protein was shown to down-regulate its SSRNA binding property
(Theron et al., 1996). Since it is not known whether the phosphorylation status of AHSV NS2
may influence its sSRNA binding ability, future studies could make use of the baculovirus-
expressed wild-type NS2 and unphosphorylated NS2 mutant protein (NS2 S-A256,258) to
assess their ability to bind to ssSRNA in electrophoretic mobility shift assays (EMSA). These

investigations can also be extended to perform the binding assays in the presence of specific or
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non-specific competitor sSRNA in order to determine whether NS2 phosphorylation may
regulate the preferential binding of NS2 to viral mMRNA over non-specific sSSRNA. Future
studies to assess the influence of NS2 phosphorylation on NS2-viral protein interactions could
comprise of co-localization studies of viral structural proteins co-expressed with wild-type
phosphorylated NS2 or the unphosphorylated NS2 mutant protein. To confirm a direct
interaction of NS2 with co-localized proteins, the purified viral and NS2 proteins can be
incubated together, and an immunoprecipitation assay can be performed with the anti-NS2
antibody, followed by Western blot analysis using viral protein-specific antibodies. Such
studies would not only provide greater insight into the functional importance of NS2
phosphorylation but may also generate information that contributes to the understanding of

AHSV morphogenesis.

Although the importance of NS2 phosphorylation for the formation of VIB-like structures was
established in this study, future studies should aim to elucidate the importance of these
structures and NS2 phosphorylation for productive AHSV replication. Such studies may be
undertaken by either treating AHSV-infected cells with CK2-specific inhibitors, such as the
cell-permeable CK2-specific inhibitor TBB used in this study or by making use of siRNAs to
silence the expression of CK2 in virus-infected cells. The effects of such treatments on the
ability of NS2 to assemble into VIBs and on virus replication can then be assessed by
immunofluorescent confocal microscopy and virus titration assays, respectively. However,
CK2 is constitutively expressed and is the most pleiotropic kinase among individual members
of the protein kinase superfamily with roles in transcription, signaling, proliferation, and in
various steps of cell development (Olsten et al., 2001; Meggio and Pina, 2003). By making
use of these approaches and taking into account the transient nature of these treatments, it may
not be possible to draw definitive conclusions from such experiments. Reverse genetics
technology, however, could provide a more suitable approach to directly evaluate the role of
NS2, NS2 phosphorylation, and VIBs in the virus replication cycle. An entirely plasmid DNA-
based reverse genetics system has been developed for AHSV-4 and relies on the use of
recombinant plasmid DNA constructs harbouring cloned cDNA copies of the ten AHSV-4
genome segments (Conradie et al., 2016). Future studies could make use of this reverse
genetics system to generate recombinant AHSV-4 that is unable to produce NS2 or that
produces an unphosphorylated NS2, and these recombinant viruses can then be compared to
wild-type AHSV-4 in infected cell cultures. A combination of transmission electron

microscopy, immunofluorescent confocal microscopy, and virus titration assays can be used to
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compare the VIBs and evaluate their importance for virus replication. These studies can also
be extended to examine the location of viral structural proteins and viral mRNA transcripts in
the respective infected cell cultures. For the latter, virus-infected cells can be treated with
actinomycin D to arrest host replication and transcription, and newly synthesized viral
transcripts can then be labelled by including 5-ethynyl uridine in the cell culture medium

followed by detection with an azide-conjugated fluorophore (Papa et al., 2020).

Interestingly, recent reports have indicated that BTV (Rahman et al., 2022) and Rotavirus
(Geiger et al., 2021) appear to use liquid-liquid phase separation (LLPS) for the assembly of
VIBs and viroplasms, respectively, at the early stages of infection. LLPS occurs when
biomolecules, such as certain nucleic acids or proteins, preferentially interact with one another
over others in an environment and then coalesce to form discreet compartments that separate
from the surrounding environment. LLPS, therefore, facilitates intracellular
compartmentalization in the absence of membrane enclosures and has been likened to the
formation of oil droplets in water (Hyman et al., 2014; Lee and Dermody, 2021). For
Rotavirus, the interaction between NSP2, which serves as a chaperone of viral RNA, and NSP5
was shown to result in their condensation (droplet formation), which was suggested to provide
a molecular environment for the establishment of inter-molecular contacts between the
rotavirus mRNA transcripts, followed by their assortment and packaging (Geiger et al., 2021).
In the case of BTV, it was reported that the ability of NS2 to undergo LLPS is dependent on
NS2 phosphorylation and its ability to bind ssSRNA (Rahman et al., 2022). Although it would
be of interest to determine whether the AHSV NS2 protein is capable of driving LLPS, there
does not appear to be a uniformly accepted methodology for these types of investigations.
Nevertheless, current standards include microscopy to observe condensate morphology,
qualitative assessment of condensate dynamics by observing fission and fusion events,
quantitative analysis of condensate dynamics using fluorescence recovery after photobleaching
(FRAP), determining the effect of LLPS-dissolving drugs on condensate stability, and building
phase-transition diagrams to define minimal components that induce LLPS (Alberti et al.,
2019; Lee and Dermody, 2021).

In conclusion, the orbivirus NS2 phosphoprotein is a multifunctional protein and possesses
different properties (sSRNA binding activity, formation of VIBs, and nucleotidyl phosphatase
activity) that suggest it may play an important role in virus replication. This study has revealed

the importance of AHSV NS2 protein phosphorylation for IB formation and identified two
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serine residues within NS2 that serve as phosphorylation sites of the protein. This information
can be used in future studies, as highlighted in the sections above, to better understand the role
of VIBs in the replication cycle of AHSV and also to characterize the significance of
phosphorylation on NS2 function. It can be envisaged that such information should contribute

greatly to unravelling the role of NS2 in the processes of viral replication and morphogenesis.
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GENE USED IN THE CONSTRUCTION OF pET-NS2

NUCLEOTIDE SEQUENCE ALIGNMENT OF A TRUNCATED AHSV-4 NS2

The sequences provided in this part of the Appendix represent the nucleotide and deduced amino acid
sequences of a truncated version of the AHSV-4 NS2 gene, lacking a TGA stop codon, that was cloned
into the pET26b(+) bacterial expression vector for expression of the NS2 protein with a hexahistidine
tag sequence to facilitate protein purification. Shown are the sequences of the wild-type NS2 gene
(pJET-S8), the sequences of the truncated NS2 gene cloned into the pJET/blunt 2.1 cloning vector
(pJET-NS2) and the sequences of the truncated NS2 gene cloned in frame with the hexahistidine tag
sequence present in pET26b(+) (pET-NS2). The recognition sequences for Ndel and Xhol, as well as
the 6xHis tag sequence are highlighted in turquoise.
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ACATTACCAC
ACATTACCAC
ACATTACCAC

20
|

CAGAGGT CAG
CAGAGGT CAG
CAGAGGTCAG

100
|

GTTAGAGCAG
GTTAGAGCAG
GTTAGAGCAG
1?0
AAAAAGTTAT
AAAAAGTTAT
AAAAAGTTAT

260
|

CTGAAAGTGG
CTGAAAGTGG
CTGAAAGTGG

Mo
GCGGTGAATG
GCGGCTGAATG
GCGGTGAATG

20
GAATGGAATG
GAATGGAATG
GAATGGAATG

WO
AGATGAAGGA
AGATGAAGGA
AGATGAAGGA

sTn
ATGTATGGAG
ATGTATGGAG
ATGTATGGAG

660
TGTTCAGAGC
TGTTCAGAGC
TGTTCAGAGC

40
TGAAGAATGA
TGAAGAATGA
TGAAGAATGA

820
GGGAGTACAG
GGGAGTACAG
GGGAGTACAG

qo
ATTATCTTCA
AT TATET T'EA
ATTATCTTCA

980
AGAATGTTCC
AGAATGTTCC
AGAATGTTCC

Lo50
TGCTGTGCTA

TGCTGTGCTA
TGCTGTGCTA

1107

ACCACTGA 1128

AAAGCAACAA
AAAGCAACAA
AAAGCAACAA

TAAATGGAGT
TAAATGGAGT
TAAATGGAGT

GTTTTGGAGA
GTTTTGGAGA
GTTTTGGAGA

GATTGAGGTA
GATTGAGGTA
GATTGAGGTA

TAGGGAGAGG
TAGGGAGAGG
TAGGGAGAGG

GATCGAAGAG
GATCGAAGAG
GATCGAAGAG

GAACAGGGAG
GAACAGGGAG
GAACAGGGAG

GAGGAAGAAA
GAGGAAGAAA
GAGGAAGAAA

AATGAAAGTC
AATGAAAGTC
AATGAAAGTC

ACCAGTACGT
ACCAGTACGT
ACCAGTACGT

AGCCAGAAAA
AGCCAGAAAA
AGCCAGAAAA

TTGGCGATGA
TTGGCGATGA
TTGGCGATGA

GATCTACAAT
GATCTACAAT
GATCTACAAT

ATGACTTGAG
ATGACTTGAG
ATGACTTGAG

40
|

CAATTCACGC
CAATTCACGC
CAATTCACGC

120
|

GTATTATACC
GTATTATACC
GTATTATACC
200
TTCGTGAATG
TTCGCTGAATG
TTCGTGAATG
qo
ACGCAAAACC
ACGCAAAACC
ACGCAAAACC
360
CTCGTTTGAC
CTCGTTTGAC
CTCGTTTGAC
440
CGATGCCTTC
CGATGCCTTC
CGATGCCTTC

%0

GCAGAAAGGG
GCAGAAAGGG
GCAGAAAGGG
wo
TGATGTGCGT
TGATGTGCGT
TGATGTGCGT

GTTCAGATGA
GTTCAGATGA
GTTCAGATGA
7?0
ACAGAGAGTA
ACAGAGAGTA
ACAGAGAGTA
ITD
TTACATTACT
TTACATTACT
TTACATTACT

%o

GAGTTCCAAA

GAGTTCCAAA

GAGTTCCAAA
1,(100

TACGATGAAG CTAGCGGAAA
TACGATGAAG CTAGCGGAAA
TACGATGAAG CTAGCGGAAA
Loz
TTACATGATT

TTACATGATT
TTACATGATT

GATCAGTTTG
GATCAGTTTG
GATCAGTTTG

ATTAAAATTG
ATTAAAATTG
ATTAAAATTG

CGGAGCTTAC
CGGAGCTTAC
CGGAGCTTAC

GATGGGAGGA
GATGGGAGGA
GATGGGAGGA

ACTGAGATTA
ACTGAGATTA
ACTGAGATTA

TTTACCAGGA
TTTACCAGGA
TTTACCAGGA

AGAAGATGGA
AGAAGATGGA
AGAAGATGGA

GAGATCACCT
GAGATCACCT
GAGATCACCT

TGTGGCACGA
TGTGGCACGA
TGTGGCACGA

TGTGGTGTCA
TGTGGTGTCA
TGTGGTGTCA

GAGGAGTATA
GAGGAGTATA
GAGGAGTATA

GAATGAGGGC
GAATGAGGGC
GAATGAGGGC

CTCCCAGCAG
CTCCCAGCAG
CTCCCAGCAG

TGTTCTTGAT
TGTTCTTGAT
TGTTCTTGAT

140
|

GGAGAACTGT
GGAGAACTGT
GGAGAACTGT
220
|
CGTATTCAAG
CGTATTCAAG
CGTATTCAAG
Sw
GTGGAGTTTT
GTGGAGTTTT
GTGGAGTTTT
3?0
AATATGTGAG
AATATGTGAG
AATATGTGAG
470

TTAGGACAAA
TTAGGACAAA
TTAGGACAAA

ACAATGTGGG
ACAATGTGGG
ACAATGTGGG

ATGGGACGGA
ATGGGACGGA
ATGGGACGGA

GAAGCGTTAA
GAAGCGTTAA
GAAGCGTTAA

AGGAAGCGGT
AGGAAGCGGT
AGGAAGCGGT

ATAACAACTT
ATAACAACTT
ATAACAACTT

ﬂo

ACGAGCCCTA
ACGAGCCCTA
ACGAGCCCTA
ﬁo
TGGATGAGGC
TGGATGAGGC
TGGATGAGGC

700
|

AGACATGCTG
AGACATGCTG
AGACATGCTG

780
|

AAGTGATAGT
AAGTGATAGT
AAGTGATAGT
l?ﬂ
CACGTAGGCT
CACGTAGGCT
CACGTAGGCT
ﬂo
AATTGTGGAA
AATTGTGGAA
AATTGTGGAA
1,(}20
CTATCGTTTT GTGTCAGTGG
CTATCGTTTT GTGTCAGTGG
CTATCGTTTT GTGTCAGTGG
l,llnﬂ
GGGGGAGCGG TTGA- - - ---

GGGGGAGCGG TICTCGAG- - -
GGGGGAGCGG TCTCGAGCAC

Xhol

TGGATGTTGG
TGGATGTTGG
TGGATGTTGG

AGTGGTGGGC
AGTGGTGGGC
AGTGGTGGGC

CGGACCATCA
CGGACCATCA
CGGACCATCA

AGTTGGTGGA
AGTTGGTGGA
AGTTGGTGGA

GATGAT CAAT
GAT GAT CAAT
GAT GAT CAAT

GAACGAGGTA
GAACGAGGTA
GAACGAGGTA

AACCGATTTT
AACCGATTTT
AACCGATTTT

80
I

AGACTTATTG
AGACTTATTG
AGACTTATTG

15?

GTTACGCCAA
GTTACGCCAA
GTTACGCCAA

24?

TGTTTTAAGT
TGTTTTAAGT
TGTTTTAAGT

320
I

CACCAGTACC
CACCAGTACC
CACCAGTACC

400
I

GCGGTTCCAC
GCGGTTCCAC
GCGGTTCCAC

4IF

AGTTAGAGAT
AGTTAGAGAT
AGTTAGAGAT

5?

TCGATATGGG
TCGATATGGG
TCGATATGGG

i

CGTACACCAA
CGTACACCAA
CGTACACCAA

720
I

GATGGAGCGA
GATGGAGCGA
GATGGAGCGA

30?

CTGATGAGGA
CTGATGAGGA
CTGATGAGGA

Il?

AAGACGAAAT
AAGACGAAAT
AAGACGAAAT

9@

TTCTAAAAAG
TTCTAAAAAG
TTCTAAAAAG

Lot
GAAGTGCTAC
GAAGTGCTAC
GAAGTGCTAC

L120

CACCACCACC

6 x His

74
80
80

154
160
160

234
240
240

314
320
320

394
400
400

474
480
480

554
560
560

634
640
640

714
720
720

794
800
800

874
880
880

954
960
960

1034
1040
1040

1098
1107
1120

119



e AMINO ACID SEQUENCE ALIGNMENT OF A TRUNCATED AHSV-4 NS2
GENE USED IN THE CONSTRUCTION OF pET-NS2

pJET- S8
pJET- NS2
pET- NS2

pJET- S8
pJET- NS2
pET- NS2

pJET- 58
pJET- NS2
pPET- NS2

pJET- 58
PJET- NS2
pET- NS2

pJET- 58
pJET- NS2
pET- NS2

- - MAEVRKQQ
HMMAEVRKQQ
HMMAEVRKQQ

LMITESG I EV
LMITESGIEV
LMITESGIEV

LRLKMKENRE
LRLKMKENRE
LRLKMKENRE

LRMMKNEPVR
LRMMKNEPVYR
LRMMKNEPVR

CKWENVP I YN
CKWENVP | YN
CKWENVP | YN

20
|

QFTRSVCVLD

QFTRSVCVLD

QFTRSVCVLD
11.|)0

LGAKT YCGKV
LGAKT YCGKV
LGQKT YCGKV

TQNRWEEWSF
TANRWEEWSF
TQNRWEEWSF
1?
AEREKMERAL
AEREKMERAL
AEREKMERAL

*0

TESMWCQSDS
TESMWCQSDS
TESMWCQSDS

340
|

YDEASGNYRF VSVGSATHYH
YDEASGNYRF VSVGSATHYH
YDEASGNYRF VSVGSATHYH

EALTPVPMAY
EALTPVPMAYV
EALTPVPMAY

SGGLDMGSCR
SGGLDMGSCR
SGGLDMG SCR

DDQSDEDHEV
DDQSDEDHEYV
DDQSDEDHEV

40
|

VRAVNGVYYT IKIGRTVQCG
VRAVNGVYYT |KIGRTVQCG
VRAVNGVYYT |KIGRTVQCG

l?o
AVNVGRGSFD TEIKYVRGSG
AVNVGRGSFD TEIKYVRGSG
AVNVGRGSFD TEIKYVRGSG

2”

MYGGGRNDVR EITLDEAGPS
MYGGGRNDVR EITLDEAGPS
MYGGGRNDVR EITLDEAGPS

*0

GSTEPENYIT

GSTEPENYIT

GSTEPENYIT
!?0

EEYTRRLNEV
EEYTRRLNEV
EEYTRRLNEV

CCANDLSYMI| LPAGGSG™- -
CCANDLSYMI| LPAGGSGLE-
CCANDLSYMI| LPAGGSGLEH

60
|

VIPTPIPKSY VLEIRECGAY
VIPTPIPKSY VLEIRECGAY
VTPTPIPKSY VLEIRECGAY
14|0
AVPPYTKNGM DRRAMPSLPG
AVPPYTKNGM DRRAMPSLPG
AVPPYTKNGM DRRAMPSLPG
2?
RTPRKLSVQS NESRSDDVAR
RTPRKLSYQS NESRSDDVAR
RTPRKLSYQS NESRSDDVAR

SW

KTKYSKELSS LAMRVYPKNEG
KTKYSKELSS LAMRVPKNEG
KTKYSKELSS LAMRVPKNEG

369
376

HHHHH "

RIQDGTDVLS
RIQDGTDVLS
R1QDGTDVLS

15?

ITTLDVGVRD
ITTLDVGVRD
ITTLDVGVRD

24?

RHAELVEMER
RHAELYEMER
RHAELVEMER

3?

NCGKP | FSKK
NCGKP | FSKK
NCGKP | FSKK

78
80
80

158
160
160

238
240
240

318
320
320

120



e NUCLEOTIDE SEQUENCE ALIGNMENT OF AHSV-4 WILD-TYPE AND
MUTATED NS2 GENES

The sequences provided in this part of the Appendix represent the nucleotide and deduced amino acid
sequences of the AHSV-4 wild-type and mutated NS2 genes; the latter of which were generated by
making use of an inverse PCR-based approach to substitute selected C-terminal serine residues with
either alanine or aspartate. These mutations are highlighted in turquoise.

20 40 60 80
| | | |

pJET-S8 ATGGCAGAGG TCAGAAAGCA ACAACAATTC ACGCGATCAG TTTGTGTTCT TGATTTAGGA CAAAAGACTT ATTGCGGTAA 80
pJET-NS2 S-A256 AT GGCAGAGG TCAGAAAGCA ACAACAATTC ACGCGATCAG TTTGTGTTCT TGATTTAGGA CAAAAGACTT ATTGCGGTAA BO
PJET-NS2 S-A258 ATGGCAGAGG TCAGAAAGCA ACAACAATTC ACGCGATCAG TTTGTGTTCT TGATTTAGGA CAAAAGACTT ATTGCGGTAA 80
pPJET-NS2 §-A262 ATGGCAGAGG TCAGAAAGCA ACAACAATTC ACGCGATCAG TTTGTGTTCT TGATTTAGGA CAAAAGACTT ATTGCGGTAA 80
pJET-NS2 §-A270 ATGGCAGAGG TCAGAAAGCA ACAACAATTC ACGCGATCAG TTTGTGTTCT TGATTTAGGA CAAAAGACTT ATTGCGGTAA 80
pJET-NS2 §-D256 ATGGCAGAGG TCAGAAAGCA ACAACAATTC ACGCGATCAG TTTGTGTTCT TGATTTAGGA CAAAAGACTT ATTGCGGTAA 80
pJET-NS2 S-D258 AT GGCAGAGG TCAGAAAGCA ACAACAATTC ACGCGATCAG TTTGTGTTCT TGATTTAGGA CAAAAGACTT ATTGCGGTAA 80

pJET-NS2 S-A256,258 ATGGCAGAGG TCAGAAAGCA ACAACAATTC ACGCGATCAG TTTGTGTTCT TGATTTAGGA CAAAAGACTT ATTGCGGTAA BO
pJET-NS2 5-D256,258 ATGGCAGAGG TCAGAAAGCA ACAACAATTC ACGCGATCAG TTTGTGTTCT TGATTTAGGA CAAAAGACTT ATTGCGGTAA 80
1(‘10 12I0 14|0 16|0

pJET-§8 AGTGGTTAGA GCAGTAAATG GAGTGTATTA TACCATTAAA ATTGGGAGAA CTGTACAATG TGGGGTTACG CCAACCCCGA 160
PJET-NS2 §S-A256 AGTGGTTAGA GCAGTAAATG GAGTGTATTA TACCATTAAA ATTGGGAGAA CTGTACAATG TGGGGTTACG CCAACCCCGA 160
pJET-NS2 S-A258 AGTGGTTAGA GCAGTAAATG GAGTGTATTA TACCATTAAA ATTGGGAGAA CTGTACAATG TGGGGTTACG CCAACCCCGA 160
pJET=-NS2 $-A262 AGTGGTTAGA GCAGTAAATG GAGTGTATTA TACCATTAAA ATTGGGAGAA CTGTACAATG TGGGGTTACG CCAACCCCGA 160
pJET-NS2 S-A270 AGTGGTTAGA GCAGTAAATG GAGTGTATTA TACCATTAAA ATTGGGAGAA CTGTACAATG TGGGGTTACG CCAACCCCGA 160
pJET-NS2 5-D256 AGTGGTTAGA GCAGTAAATG GAGTGTATTA TACCATTAAA ATTGGGAGAA CTGTACAATG TGGGGTTACG CCAACCCCGA 160
PJET-NS2 S-D258 AGTGGTTAGA GCAGTAAATG GAGTGTATTA TACCATTAAA ATTGGGAGAA CTGTACAATG TGGGGTTACG CCAACCCCGA 160

PJET-NS2 S-A256,258 AGTGGTTAGA GCAGTAAATG GAGTGTATTA TACCATTAAA ATTGGGAGAA CTGTACAATG TGGGGTTACG CCAACCCCGA 160
pJET-NS2 S-D256,258 AGTGGTTAGA GCAGTAAATG GAGTGTATTA TACCATTAAA ATTGGGAGAA CTGTACAATG TGGGGTTACG CCAACCCCGA 160

180 200 220 240
| | | |

pJET-S8 TTCCAAAAAG TTATGTTTTG GAGATTCGTG AATGCGGAGC TTACCGTATT CAAGATGGGA CGGATGTTTT AAGTTTAATG 240

pJET-NS2 §-A256 TTCCAAAAAG TTATGTTTTG GAGATTCGTG AATGCGGAGC TTACCGTATT CAAGATGGGA CGGATGTTTT AAGTTTAATG 240
pJET-NS2 §5-A258 TTCCAAAAAG TTATGTTTTG GAGATTCGTG AATGCGGAGC TTACCGTATT CAAGATGGGA CGGATGTTTT AAGTTTAATG 240
PJET-NS2 §-A262 TTCCAAAAAG TTATGTTTTG GAGATTCGTG AATGCGGAGC TTACCGTATT CAAGATGGGA CGGATGTTTT AAGTTTAATG 240
pJET-NS2 S-A270 TTCCAAAAAG TTATGTTTTG GAGATTCGTG AATGCGGAGC TTACCGTATT CAAGATGGGA CGGATGTTTT AAGTTTAATG 240
pJET-NS2 5-D256 TTCCAAAAAG TTATGTTTTG GAGATTCGTG AATGCGGAGC TTACCGTATT CAAGATGGGA CGGATGTTTT AAGTTTAATG 240
PJET-NS2 5-D258 TTCCAAAAAG TTATGTTTTG GAGATTCGTG AATGCGGAGC TTACCGTATT CAAGATGGGA CGGATGTTTT AAGTTTAATG 240
pJET-NS2 S-A256,258 TTCCAAAAAG TTATGTTTTG GAGATTCGTG AATGCGGAGC TTACCGTATT CAAGATGGGA CGGATGTTTT AAGTTTAATG 240
PJET-NS2 §-D256,258 TTCCAAAAAG TTATGTTTTG GAGATTCGTG AATGCGGAGC TTACCGTATT CAAGATGGGA CGGATGTTTT AAGTTTAATG 240

2?0 2?0 30|D 32|0

pJET-S8 ATTACTGAAA GTGGGATTGA GGTAACGCAA AACCGATGGG AGGAGTGGAG TTTTGAAGCG TTAACACCAG TACCGATGGC 320

pJET-NS2 $-A256 ATTACTGAAA GTGGGATTGA GGTAACGCAA AACCGATGGG AGGAGTGGAG TTTTGAAGCG TTAACACCAG TACCGATGGC 320
pJET-NS2 S-A258 ATTACTGAAA GTGGGATTGA GGTAACGCAA AACCGATGGG AGGAGTGGAG TTTTGAAGCG TTAACACCAG TACCGATGGC 320
PJET-NS2 §-A262 ATTACTGAAA GTGGGATTGA GGTAACGCAA AACCGATGGG AGGAGTGGAG TTTTGAAGCG TTAACACCAG TACCGATGGC 320
PJET-NS2 §-A270 ATTACTGAAA GTGGGATTGA GGTAACGCAA AACCGATGGG AGGAGTGGAG TTTTGAAGCG TTAACACCAG TACCGATGGC 320
pJET-NS2 S-D256 ATTACTGAAA GTGGGATTGA GGTAACGCAA AACCGATGGG AGGAGTGGAG TTTTGAAGCG TTAACACCAG TACCGATGGC 320
pJET-NS2 $-D258 ATTACTGAAA GTGGGATTGA GGTAACGCAA AACCGAT GGG AGGAGTGGAG TTTTGAAGCG TTAACACCAG TACCGATGGC 320
PJET-NS2 $-A256,258 ATTACTGAAA GTGGGATTGA GGTAACGCAA AACCGATGGG AGGAGTGGAG TTTTGAAGCG TTAACACCAG TACCGATGGC 320
pJET-NS2 5-D256,258 ATTACTGAAA GTGGGATTGA GGTAACGCAA AACCGATGGG AGGAGTGGAG TTTTGAAGCG TTAACACCAG TACCGATGGC 320

340 360 380 400
| I | |

pJET-S8 TGTGGCGGTG AATGTAGGGA GAGGCTCGTT TGACACTGAG ATTAAATATG TGAGAGGAAG CGGTGCGGTT CCACCTTATA 400

pJET-NS2 S-A256 TGTGGCGGTG AATGTAGGGA GAGGCTCGTT TGACACTGAG ATTAAATATG TGAGAGGAAG CGGTGCGGTT CCACCTTATA 400
PJET-NS2 S-A258 TGTGGCGGTG AATGTAGGGA GAGGCTCGTT TGACACTGAG ATTAAATATG TGAGAGGAAG CGGTGCGGTT CCACCTTATA 400
PJET-NS2 5-A262 TGTGGCGGTG AATGTAGGGA GAGGCTCGTT TGACACTGAG ATTAAATATG TGAGAGGAAG CGGTGCGGTT CCACCTTATA 400
pJET-NS2 §-A270 TGTGGCGGTG AATGTAGGGA GAGGCTCGTT TGACACTGAG ATTAAATATG TGAGAGGAAG CGGTGCGGTT CCACCTTATA 400
pJET-NS2 §-D256 TGTGGCGGTGC AATGTAGGGA GAGGCTCGTT TGACACTGAG ATTAAATATG TGAGAGGAAG CGGTGCGGTT CCACCTTATA 400
pJET-NS2 S-D258 TGTGGCGGTG AATGTAGGGA GAGGCTCGTT TGACACTGAG ATTAAATATG TGAGAGGAAG CGGTGCGGTT CCACCTTATA 400
pJET-NS2 S-A256,258 TGTGGCGGTG AATGTAGGGA GAGGCTCGTT TGACACTGAG ATTAAATATG TGAGAGGAAG CGGTGCGGTT CCACCTTATA 400
PJET-NS2 $-D256,258 TGTGGCGGTG AATGTAGGGA GAGGCTCGTT TGACACTGAG ATTAAATATG TGAGAGGAAG CGGTGCGGTT CCACCTTATA 400

420 440 460 430
| | | |

pJET-§8 CGAAGAATGG AATGGATCGA AGAGCGATGC CTTCTTTACC AGGAATAACA ACTTTGGATG TTGGAGTTAG AGATTTGCGT 480

PJET-NS2 §-A256 CGAAGAATGG AATGGATCGA AGAGCGATGC CTTCTTTACC AGGAATAACA ACTTTGGATG TTGGAGTTAG AGATTTGCGT 480
PJET-NS2 S-A258 CGAAGAATGG AATGGATCGA AGAGCGATGC CTTCTTTACC AGGAATAACA ACTTTGGATG TTGGAGTTAG AGATTTGCGT 480
pJET-NS2 S-A262 CGAAGAATGG AATGGATCGA AGAGCGATGC CTTCTTTACC AGGAATAACA ACTTTGGATG TTGGAGTTAG AGATTTGCGT 480
pJET-NS2 S-A270 CGAAGAATGG AATGGATCGA AGAGCGATGC CTTCTTTACC AGGAATAACA ACTTTGGATG TTGGAGTTAG AGATTTGCGT 480
pJET-NS2 5-D256 CGAAGAATGG AATGGATCGA AGAGCGATGC CTTCTTTACC AGGAATAACA ACTTTGGATG TTGGAGTTAG AGATTTGCGT 480
pJET-NS2 S-D258 CGAAGAATGG AATGGATCGA AGAGCGATGC CTTCTTTACC AGGAATAACA ACTTTGGATG TTGGAGTTAG AGATTTGCGT 480
pJET-NS2 S-A256,258 CGAAGAATGG AATGGATCGA AGAGCGATGC CTTCTTTACC AGGAATAACA ACTTTGGATG TTGGAGTTAG AGATTTGCGT 480
pJET-NS2 §-D256,258 CGAAGAATGG AATGGATCGA AGAGCGATGC CTTCTTTACC AGGAATAACA ACTTTGGATG TTGGAGTTAG AGATTTGCGT 480

S?D SZIV 0 54]0 SGIO

RJET-S8 TTAAAGATGA AGGAGAACAG GGAGGCAGAA AGGGAGAAGA TGGAACGAGC CCTAAGTGGT GGGCTCGATA TGGGAAGCTG 560

pJET-NS2 §S-A256 TTAAAGATGA AGGAGAACAG GGAGGCAGAA AGGGAGAAGA TGGAACGAGC CCTAAGTGGT GGGCTCGATA TGGGAAGCTG 560
pJET-NS2 5-A258 TTAAAGATGA AGGAGAACAG GGAGGCAGAA AGGGAGAAGA TGGAACGAGC CCTAAGTGGT GGGCTCGATA TGGGAAGCTG 560
PJET-NS2 S-A262 TTAAAGATGA AGGAGAACAG GGAGGCAGAA AGGGAGAAGA TGGAACGAGC CCTAAGTGGT GGGCTCGATA TGGGAAGCTG 560
pJET-NS2 S-A270 TTAAAGATGA AGGAGAACAG GGAGGCAGAA AGGGAGAAGA TGGAACGAGC CCTAAGTGGT GGGCTCGATA TGGGAAGCTG 560
pJET-NS2 5-D256 TTAAAGATGA AGGAGAACAG GGAGGCAGAA AGGGAGAAGA TGGAACGAGC CCTAAGTGGT GGGCTCGATA TGGGAAGCTG 560
PJET-NS2 5-D258 TTAAAGATGA AGGAGAACAG GGAGGCAGAA AGGGAGAAGA TGGAACGAGC CCTAAGTGGT GGGCTCGATA TGGGAAGCTG 560
pJET-NS2 5-A256,258 TTAAAGATGA AGGAGAACAG GGAGGCAGAA AGGGAGAAGA TGGAACGAGC CCTAAGTGGT GGGCTCGATA TGGGAAGCTG 560
PJET-NS2 $-D256,258 TTAAAGATGA AGGAGAACAG GGAGGCAGAA AGGGAGAAGA TGGAACGAGC CCTAAGTGGT GGGCTCGATA TGGGAAGCTG 560

580 600 620 640
| | | |

pJET-S8 TAGAATGTAT GGAGGAGGAA GAAATGATGT GCGTGAGATC ACCTTGGATG AGGCCGGACC ATCACGTACA CCAAGGAAAC 640

pJET-NS2 S-A256 TAGAATGTAT GGAGGAGGAA GAAATGATGT GCGTGAGATC ACCTTGGATG AGGCCGGACC ATCACGTACA CCAAGGAAAC 640
pPJET-NS2 5-A258 TAGAATGTAT GGAGGAGGAA GAAATGATGT GCGTGAGATC ACCTTGGATG AGGCCGGACC ATCACGTACA CCAAGGAAAC 640
pJET-NS2 §-A262 TAGAATGTAT GGAGGAGGAA GAAATGATGT GCGTGAGATC ACCTTGGATG AGGCCGGACC ATCACGTACA CCAAGGAAAC 640
PJET-NS2 §-A270 TAGAATGTAT GGAGGAGGAA GAAATGATGT GCGTGAGATC ACCTTGGATG AGGCCGGACC ATCACGTACA CCAAGGAAAC 640
pJET-NS2 S-D256 TAGAATGTAT GGAGGAGGAA GAAATGATGT GCGTGAGATC ACCTTGGATG AGGCCGGACC ATCACGTACA CCAAGGAAAC 640
pJET-NS2 S-D258 TAGAATGTAT GGAGGAGGAA GAAATGATGT GCGTGAGATC ACCTTGGATG AGGCCGGACC ATCACGTACA CCAAGGAAAC 640
PJET-NS2 $-A256,258 TAGAATGTAT GGAGGAGGAA GAAATGATGT GCGTGAGATC ACCTTGGATG AGGCCGGACC ATCACGTACA CCAAGGAAAC 640
PJET-NS2 5-D256,258 TAGAATGTAT GGAGGAGGAA GAAATGATGT GCGTGAGATC ACCTTGGATG AGGCCGGACC ATCACGTACA CCAAGGAAAC 640

121



PIET-S8

PIET-NS2 5-A256
PIET-NS2 S-A258
PIET-NS2 S-A262
pPJET-NS2 S-A270
PJET-NS2 S-D256
PIET-NS2 5-D258
PJET-NS2 5-A256,258
PJET-NS2 $-D256,258

PIET-S8

PJET-NS2 S-A256
PJET-NS2 S-A258
PJET-NS2 $-A262
PJET-NS2 $-A270
PJET-NS2 $-D256
PJET-NS2 S-D258
pJET-NS2 S-A256,258
PIET-NS2 5-D256,258

PIET-S8

PJET-NS2 S-A256
PJET-NS2 S-A258
PIET-NS2 5-A262
pPJET-NS2 S-A270
PJET-NS2 5-D256
PJET-NS2 5-D258
RIET-NS2 $-A256,258
PIET-NS2 5-D256,258

PIET-58

PIET-NS2 S-A256
pJET-NS2 S-A258
PJET-NS2 S-A262
PJET-NS2 5-A270
PIET-NS2 5-D256
PJET-NS2 5-D258
PJET-NS2 S-A256,258
PJET-NS2 5-D256,258

PIET-S8
PIET-NS2 S-A256
PIET-NS2 S-A258
PIET-NS2 S-A262
pJET-NS2 S-A270
pJET-NS2 $-D256
PIET-NS2 5-D258

PJET-NS2 S-A256,258

PJET-NS2 $-D256,258

PIET-58
PJET-NS2 S-A256
PIET-NS2 S-A258
PIET-NS2 5-A262
PIET-NS2 5-A270
pJET-NS2 5-D256
pJET-NS2 5-D258

PJET-NS2 S-A256,258

PIET-NS2 5-D256,258

TTTCTGTTCA
TTTCTGTTCA
TTTCTGTTCA
TTTCTGTTCA
TTTCTGTTCA
TTTETGTTEA
TTTETGTTCA
TTTCTGTTCA
TTTETGTTCA

ATGATGAAGA
ATGATGAAGA
ATGATGAAGA
ATGATGAAGA
ATGATGAAGA
ATGATGAAGA
ATGATGAAGA
ATGATGAAGA
ATGATGAAGA

GGTTGGGAGT
GGTTGGGAGT
GGTTGGGAGT
GGTTGGGAGT
GGTTGGGGCC
GGTTGGGAGT
GGTTGGGAGT
GGTTGGGAGT
GGTTGGGAGT

AGGAATTATC
AGGAATTATC
AGGAATTATC
AGGAATTATC
AGGAATTATC
AGGAATTATC
AGGAATTATC
AGGAATTATC
AGGAATTATC

TGGGAGAATG
TGGGAGAATG
TGGGAGAATG
TGGGAGAATG
TGGGAGAATG
TGGGAGAATG
TGGGAGAATG
TGGGAGAATG
TGGGAGAATG

CCACTGCTGT
CCACTGCTGT
CCACTGCTGT
CCACTGCTGT
CCACTGCTGT
CCACTGCTGT
CCACTGCTGT
CCACTGCTGT
CCACTGCTGT

qo

GAGCAATGAA
GAGCAATGAA
GAGCAATGAA
GAGCAATGAA
GAGCAATGAA
GAGCAATGAA
GAGCAATGAA
GAGCAATGAA
GAGCAATGAA
7?0
ATGAACCAGT
ATGAACCAGT
ATGAACCAGT
ATGAACCAGT
ATGAACCAGT
ATGAACCAGT
ATGAACCAGT
ATGAACCAGT
ATGAACCAGT
gn
ACAGAGCCAG
ACAGAGCCAG
ACAGAGCCAG
ACAGAGCCAG
ACAGAGCCAG
ACAGAGCCAG
ACAGAGCCAG
ACAGAGCCAG
ACAGAGCCAG

900
|

TTCATTGGCG
TTCATTGGCG
TTCATTGGCG
TTCATTGGCG
TTCATTGGCG
TTCATTGGCG
TTCATTGGCG
TTCATTGGCG
TTCATTGGCG
9?0
TTCCGATCTA
TTCCGATCTA
TTCCGATCTA
TTCCGATCTA
TTCCGATCTA
TTCCGATCTA
TTCCGATCTA
TTCCGATCTA
TTCCGATCTA
1.0‘60

GCTAATGACT
GCTAATGACT
GCTAATGACT
GCTAATGACT
GCTAATGACT
GCTAATGACT
GCTAATGACT
GCTAATGACT
GCTAATGACT

AGTCGTTCAG
AGTCGTTCAG
AGTCGTTCAG
AGTCGTTCAG
AGTCGTTCAG
AGTCGTTCAG
AGTCGTTCAG
AGTCGTTCAG
AGTCGTTCAG

ACGTACAGAG
ACGTACAGAG
ACGTACAGAG
ACGTACAGAG
ACGTACAGAG
ACGTACAGAG
ACGTACAGAG
ACGTACAGAG
ACGTACAGAG

AAAATTACAT
AAAATTACAT
AAAATTACAT
AAAATTACAT
AAAATTACAT
AAAATTACAT
AAAATTACAT
AAAATTACAT
AAAATTACAT

ATGAGAGTTC
ATGAGAGTTC
ATGAGAGTTC
ATGAGAGTTC
ATGAGAGTTC
ATGAGAGTTC
ATGAGAGTTC
ATGAGAGTTC
ATGAGAGTTC

CAATTACGAT
CAATTACGAT
CAATTACGAT
CAATTACGAT
CAATTACGAT
CAATTACGAT
CAATTACGAT
CAATTACGAT
CAATTACGAT

TGAGTTACAT
TGAGTTACAT
TGAGTTACAT
TGAGTTACAT
TGAGTTACAT
TGAGTTACAT
TGAGTTACAT
TGAGTTACAT
TGAGTTACAT

570

ATGATGT GGC
ATGATGTGGC
ATGATGT GGC
ATGATGT GGC
ATGATGT GGC
ATGATGTGGC
ATGATGT GGC
ATGATGT GGC
ATGATGTGGC
760
AGTATGTGGT
AGTATGTGGT
AGTATGTGGT
AGTATGTGGT
AGTATGTGGT
AGTATGTGGT
AGTATGTGGT
AGTATGTGGT
AGTATGTGGT
840
TACTGAGGAG
TACTGAGGAG
TACTGAGGAG
TACTGAGGAG
TACTGAGGAG
TACTGAGGAG
TACTGAGGAG
TACTGAGGAG
TACTGAGGAG
920
CAAAGAATGA
CAAAGAATGA
CAAAGAATGA
CAAAGAATGA
CAAAGAATGA
CAAAGAATGA
CAAAGAATGA
CAAAGAATGA
CAAAGAATGA
Looo

GAAGCTAGCG
GAAGCTAGCG
GAAGCTAGCG
GAAGCTAGCG
GAAGCTAGCG
GAAGCTAGCG
GAAGCTAGCG
GAAGCTAGCG
GAAGCTAGCG
1.B|!0

GATTCTCCCA
GATTCTCCCA
GATTCTCCCA
GATTCTCCCA
GATTCTCCCA
GATTCTCCCA
GATTCTCCCA
GATTCTCCCA
GATTCTCCCA

ACGAAGACAT
ACGAAGACAT
ACGAAGACAT
ACGAAGACAT
ACGAAGACAT
ACGAAGACAT
ACGAAGACAT
ACGAAGACAT
ACGAAGACAT

GTCAAAGTGA
GTCAAGCCGA
GTCAAAGTGA
GTCAAAGTGA
GTCAAAGTGA
GTCAAGACGA
GTCAAAGTGA
GTCAAGCCGA
GTCAAGACGA

TATACACGTA
TATACACGTA
TATACACGTA
TATACACGTA
TATACACGTA
TATACACGTA
TATACACGTA
TATACACGTA
TATACACGTA

GGGCAATTGT
GGGCAATTGT
GGGCAATTGT
GGGCAATTGT
GGGCAATTGT
GGGCAATTGT
GGGCAATTGT
GGGCAATTGT
GGGCAATTGT

GAAACTATCG
GAAACTATCG
GAAACTATCG
GAAACTATCG
GAAACTATCG
GAAACTATCG
GAAACTATCG
GAAACTATCG
GAAACTATCG

GCAGGGGGGA
GCAGGGGGGA
GCAGGGGGGA
GCAGGGGGGA
GCAGGGGGGA
GCAGGGGGGA
GCAGGGGGGA
GCAGGGGGGA
GCAGGGGGGA

GCTGAGTTGG
GCTGAGTTGG
GCTGAGTTGG
GCTGAGTTGG
GCTGAGTTGG
GCTGAGTTGG
GCTGAGTTGG
GCTGAGTTGG
GCTGAGTTGG

7?0
TAGT GATGAT
TAGT GATGAT
TGCCGATGAT
TAGT GATGAT
TAGT GATGAT
TAGT GATGAT
TGACGATGAT
TGCCGATGAT
TGACGATGAT

860

GGCT GAACGA
GGCTGAACGA
GGCTGAACGA
GGCTGAACGA
GGCTGAACGA
GGCTGAACGA
GGCTGAACGA
GGCT GAACGA
GGCTGAACGA

940

GGAAAACCGA
GGAAAACCGA
GGAAAACCGA
GGAAAACCGA
GGAAAACCGA
GGAAAACCGA
GGAAAACCGA
GGAAAACCGA
GGAAAACCGA
1020

TTTTGTGTCA
TTTTGTGTCA
TTTTGTGTCA
TTTTGTGTCA
TTTTGTGTCA
TTTTGTGTCA
TTTTGTGTCA
TTTTGTGTCA
TTTTGTGTCA

GCGGTTGA
GCGGTTGA
GCGGTTGA
GCGGTTGA
GCGGTTGA
GCGGTTGA
GCGGTTGA
GCGGTTGA
GCGGTTGA

700

|

TGGAGATGGA
TGGAGATGGA
TGGAGATGGA
TGGAGATGGA
TGGAGATGGA
TGGAGATGGA
TGGAGATGGA
TGGAGATGGA
TGGAGATGGA

CAATCTGATG
CAATCTGATG
CAATCTGATG
CAAGCCGATG
CAATCTGATG
CAATCTGATG
CAATCTGATG
CAATCTGATG
CAATCTGATG

|

GGTAAAGACG
GGTAAAGACG
GGTAAAGACG
GGTAAAGACG
GGTAAAGACG
GGTAAAGACG
GGTAAAGACG
GGTAAAGACG
GGTAAAGACG

|

TTT T TIT AR
TTTTTTCTAA
TTTTTTCTAA
TTTTTTCTAA
TTTTTTCTAA
TTTTTTCTAA
TTTTTTCTAA
TTTTTTCTAA
TTTTTTCTAA

GTGGGAAGTG
GTGGGAAGTG
GTGGGAAGTG
GTGGGAAGTG
GTGGGAAGTG
GTGGGAAGTG
GTGGGAAGTG
GTGGGAAGTG
GTGGGAAGTG

1098
1098
1098
1098
1098
1098
1098
1098
1098

HP

GCGACTAAGA
GCGACTAAGA
GCGACTAAGA
GCGACTAAGA
GCGACTAAGA
GCGACTAAGA
GCGACTAAGA
GCGACTAAGA
GCGACTAAGA

BO‘D
AGGATCACGA
AGGAT CACGA
AGGATCACGA
AGGAT CACGA
AGGAT CACGA
AGGATCACGA
AGGATCACGA
AGGATCACGA
AGGATCACGA

I*

AAATATTCAA
AAATATTCAA
AAATATTCAA
AAATATTCAA
AAATATTCAA
AAATATTCAA
AAATATTCAA
AAATATTCAA
AAATATTCAA

960
|

AAAGTGTAAA
AAAGTGTAAA
AAAGTGTAAA
AAAGTGT AAA
AAAGTGTAAA
AAAGTGTAAA
AAAGTGT AAA
AAAGTGTAAA
AAAGTGTAAA

Lo40

CTACACATTA
CTACACATTA
CTACACATTA
CTACACATTA
CTACACATTA
CTACACATTA
CTACACATTA
CTACACATTA
CTACACATTA

720
720
720
720
720
720
720
720
720

800
800
800
800
800
800
800
800
800

880
880
880
880
880
880
880
880
880

960
960
960
960
960
960
960
960
960

1040
1040
1040
1040
1040
1040
1040
1040
1040
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e AMINO ACID SEQUENCE ALIGNMENT OF AHSV-4 WILD-TYPE AND
MUTANT NS2 PROTEINS

WT NS2

NS2 5-A256

NS2 5-A258

NS2 5-A262

NS2 $5-A270

NS2 5-D256

NS2 5-D258

NS2 5-A256,258
N52 5-D256,258

WT NS2

NS2 5-A256

NS2 5-A258

NS2 $-A262

NS2 5-A270

NS2 5-D256
NS2 S-D258
NS2 5-A256,258
NS2 5-D256,258

WT NS2

NS2 $-A256

NS2 5-A258

NS2 S-A262

NS2 5-A270

NS2 5-D256

NS2 5-D258

NS2 $-A256,258
NS2 5-D256,258

WT NS2

NS2 5-A256

NS2 5-A258

NS2 $-A262

NS2 S-A270

NS2 5-D256

NS2 5-D258

NS2 5-A256,258
NS2 $s-D256,258

WT NS2

NS2 5-A256

NS2 $-A258
NS2 5-A262

NS2 5-A270

NS2 S-D256
NS2 5-D258
NS2 5-A256,258
NS2 5-D256,258

MAEVRKQQQF
MAEVRKQQQF
MAEVRKQQQF
MAEVRKQQQF
MAEVRKQQQF
MAEVRKQQQF
MAEVRKQQQF
MAEVRKQQQF
MAEVRKQQQF

ITESGIEVTQ
ITESGIEVTQ
ITESGIEVTQ
ITESGIEVTQ
ITESGIEVTQ
ITESGIEVTQ
ITESGIEVTQ
ITESGIEVTQ
ITESGIEVTQ

LKMKENREAE
LKMKENREAE
LKMKENREAE
LKMKENREAE
LKMKENREAE
LKMKENREAE
LKMKENREAE
LKMKENREAE
LKMKENREAE

MMKNEPVRTE
MMKNEPVRTE
MMKNEPVRTE
MMKNEPVRTE
MMKNEPVRTE
MMKNEPVRTE
MMKNEPVRTE
MMKNEPVRTE
MMKNEPVRTE

WENVPIYNYD
WENVP I YNYD
WENVPIYNYD
WENVP I YNYD
WENVP I YNYD
WENVYP I YNYD
WENVPIYNYD
WENVPIYNYD
WENVPIYNYD

TRSVCVLDLG
TRSVCVLDLG
TRSVCVLDLG
TRSVCVLDLG
TRSVCVLDLG
TRSVCVLDLG
TRSVCVLDLG
TRSVCVLDLG
TRSVCVLDLG

l(lm
NRWEEWSFEA
NRWEEWSFEA
NRWEEWSFEA
NRWEEWSFEA
NRWEEWSFEA
NRWEEWSFEA
NRWEEWSFEA
NRWEEWSFEA
NRWEEWSFEA

wo
REKMERAL SG
REKMERAL SG
REKMERAL SG
REKMERAL SG
REKMERAL SG
REKMERAL SG
REKMERAL SG
REKMERAL SG
REKMERAL SG

2?0
SMWCQ SD SDD
SMWCQAD SDD
SMWCQ SDADD
SMWCQ SD SDD
SMWCQ SD SDD
SMWCQDD SDD
SMWCQ SDDDD
SMWCQADADD
SMWCQDDDDD

3?0
EASGNYRFVS
EASGNYRFVS
EASGNYRFVS
EASGNYRFVS
EASGNYRFVS
EASGNYRFVS
EASGNYRFVS
EASGNYRFVS
EASGNYRFVS

QKT YCGKVVR
QKT YCGKVVR
QKT YCGKVVR
QKT YCGKVVR
QKT YCGKVVR
QKT YCGKVVR
QKT YCGKVVR
QKT YCGKVVR
QKT YCGKVVR

LTPVPMAVAY
LTPVPMAVAV
LTPVPMAVAY
LTPVPMAVAY
LTPVPMAVAY
LTPVPMAVAY
LTPVPMAVAV
LTPVPMAVAY
LTPVPMAVAY

GLDMGSCRMY
GLDMGSCRMY
GLDMGSCRMY
GLDMGSCRMY
GLDMGSCRMY
GLDMGSCRMY
GLDMGSCRMY
GLDMGSCRMY
GLDMGSCRMY

QSDEDHEVGS
QSDEDHEVGS
QSDEDHEVGS
QADEDHEVGS
QSDEDHEVGA
QSDEDHEVGS
QSDEDHEVGS
QSDEDHEVGS
QSDEDHEVGS

VGSATHYHCC
VGSATHYHCC
VGSATHYHCC
VGSATHYHCC
VGSATHYHCC
VGSATHYHCC
VGSATHYHCC
VGSATHYHCC
VGSATHYHCC

AVNGYYYT
AVNGVYYT
AVNGYYYT
AVNGY Y YT
AVNGVYYT
AVNGVYYYT
AVNGYYYT
AVNGVYYT
AVNGYYYT

40
|

I K
I K
I K
I K
I K
I K
I K
I K
I K
1%0

NVGRGSFDTE
NVGRGSFDTE
NVYGRGSFDTE
NVGRGSFDTE
NVGRGSFDTE
NVGRGSFDTE
NVGRGSFDTE
NVGRGSFDTE
NVGRGSFDTE

GGGRNDVR
GGGRNDVR
GGGRNDVR
GGGRNDVR
GGGRNDVR
GGGRNDVR
GGGRNDVR
GGGRNDVR
GGGRNDVR

TEPENYIT
TEPENYIT
TEPENYIT
TEPENY|T
TEPENYIT
TEPENYIT
TERENYCT!
TERENYT
TERENYT

ANDLSYM I
ANDLSYMI
ANDL SYM I
ANDLSYMI
ANDLSYMI
ANDLSYMI
ANDLSYMI
ANDLSYMI
ANDLSYMI

qo
E.l
El
El
El
El
E:l
Eil
El
Eil
2?0
EE
EE
EE
EE
EE
EE
EE
EE
EE
3?0
LP
LP
LP
(B
LE
LP
LP
LP.
LR

IGRTVQCGVT
IGRTVQCGVT
IGRTVQCGVT
IGRTVQCGVT
IGRTVQCGVT
IGRTVQCGVT
IGRTVQCGVT
IGRTVQCGVT
IGRTVQCGVT

IKYVRGSGAV
IKYVRGSGAV
IKYVRGSGAY
IKYVRGSGAVY
IKYVRGSGAV
IKYVRGSGAV
IKYVRGSGAV
IKYVRGSGAV
IKYVRGSGAV

TLDEAGPSRT
TLDEAGPSRT
TLDEAGPSRT
TLDEAGPSRT
TLDEAGPSRT
TLDEAGPSRT
TLDEAGPSRT
TLDEAGPSRT
TLDEAGPSRT

YTRRLNEVKT
YTRRLNEVKT
YTRRLNEVKT
YTRRLNEVKT
YTRRLNEVKT
YTRRLNEVKT
YTRRLNEVKT
YTRRLNEVKT
YTRRLNEVKT

AGGSG* 366
AGGSGT 366
AGGSGT 366
AGGSG*® 366
AGGSG* 366
AGGSG*T 366
AGGSG* 366
AGGSGT 366
AGGSG*T 366

60
|

PT P PKSYVL
PTPIPKSYVL
PTPIPKSYVL
PT P:PKSYV.L
PTPIPKSYVL
PTPIPKSYVL
PTPIPKSYVL
PTPIPKSYVL
PTPIPKSYVL

1?0
PPYTKNGMDR
PPYTKNGMDR
PPYTKNGMDR
PPYTKNGMDR
PPYTKNGMDR
PPYTKNGMDR
PPYTKNGMDR
PPYTKNGMDR
PPYTKNGMDR

qo
PRKLSVQSNE
PRKLSVQSNE
PRKLSVQSNE
PRKLSVQSNE
PRKLSVQSNE
PRKLSVQSNE
PRKLSVQSNE
PRKLSVQSNE
PRKLSVQSNE

300

|
KYSKELSSLA
KYSKELSSLA
KYSKELSSLA
KYSKELSSLA
KYSKELSSLA
KYSKELSSLA
KYSKELSSLA
KYSKELSSLA
KYSKELSSLA

EIRECGAYR |
EIRECGAYR |
EIRECGAYR |
EIRECGAYR |
EIRECGAYR |
EIRECGAYR |
EIRECGAYR |
EIRECGAYR |
EIRECGAYR |

RAMPSLPGIT
RAMPSLPGIT
RAMPSLPGIT
RAMPSLPGIT
RAMPSLPGIT
RAMPSLPGIT
RAMPSLPGIT
RAMPSLPGIT
RAMPSLPGIT

SRSDDVARRH
SRSDDVARRH
SRSDDVARRH
SRSDDVARRH
SRSDDVARRH
SRSDDVARRH
SRSDDVARRH
SRSDDVARRH
SRSDDVARRH

MRYVPKNEGNC
MRVPKNEGNC
MRYVPKNEGNC
MRYVPKNEGNC
MRVPKNEGNC
MRVPKNEGNC
MRYPKNEGNC
MRVPKNEGNC
MRVPKNEGNC

T
QDGTDVLSLM
QDGTDVLSLM
QDGTDVLSLM
QDGTDVLSLM
QDGTDVLSLM
QDGTDVLSLM
QDGTDVLSLM
QDGTDVLSLM
QDGTDVLSLM

IGP
TLDVGVRDLR
TLDVGVRDLR
TLDVGVYRDLR
TLDVGVRDLR
TLDVGVRDLR
TLDVGVRDLR
TLDVGVRDLR
TLDVGVRDLR
TLDVGVRDLR

240
|

AELVEMERLR
AELVEMERLR
AELVEMERLR
AELVEMERLR
AELVEMERLR
AELVEMERLR
AELVEMERLR
AELVEMERLR
AELVEMERLR

320

|
GKP I FSKKCK
GKP | FSKKCK
GKP I FSKKCK
GKP I FSKKCK
GKP I FSKKCK
GKP I FSKKCK
GKP | FSKKCK
GKP I FSKKCK
GKP | FSKKCK

80
80
80
80
80
80
80
80
80

160
160
160
160
160
160
160
160
160

240
249
240
240
240
240
240
240
240

320
320
320
320
320
320
320
320
320
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