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Abstract

Caliciviruses are single-stranded positive-sense  RNA viruses, most commonly
associated with outbreaks of gastroenteritis in humans. In addition to the three open
reading frames (ORFs) typical of caliciviruses a highly conserved fourth overlapping
ORF within the murine norovirus (MNV) genome was identified and characterised
during this project. ORF4 overlaps and is contained within the capsid encoding ORF2
ina +1 frame. Once a suitable antibody had been generated, immunoblotting was used
to show that the ORF4 protein is produced during MNV infection. Although ORF4
mutant viruses were viable and replicated to wild-type MNV levels in tissue culture,
pressure to restore ORF4 expression upon serial passage under specific conditions was
demonstrated. Importantly, the ORF4 knockout virus was significantly attenuated in
STAT1” mice. Proteomic analysis and a commercial yeast two-hybrid screen were
used to identify host cell factors which interact with the ORF4 protein and confocal
imaging was employed to examine cellular localisation. These approaches indicated
that the ORF4 protein localises to the mitochondria and in vitro assays were
subsequently used to demonstrate an involvement of the ORF4 protein in MNV
induced apoptosis. As cells infected with the knockout virus showed an earlier and
higher degree of apoptosis induction compared to wild-type infected cells, it is
possible that the ORF4 protein may function to delay the onset of apoptosis during
MNYV infection. Whether or not the ORF4 protein has antiapoptotic activity or whether
the difference in apoptotic phenotype is an indirect consequence of ORF4 protein
function remains to be investigated. These data indicate that the ORF4 protein

represents a novel, previously uncharacterised virulence determinant in MNV.
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1.1 Caliciviruses

1.1.1 Disease and epidemiology

Although caliciviruses are responsible for many important diseases in animals and
humans, there remains a lot to be learned about the molecular mechanisms of
pathogenesis, protein synthesis and replication. Human caliciviruses from the
Norovirus and Sapovirus genera are frequently associated with outbreaks of
gastroenteritis or “projectile vomiting” on cruise ships, in hospitals, schools, nursing
homes and military camps. Approximately 90% of all non-bacterial gastroenteritis can
be attributed to human caliciviruses (Fankhauser et al., 1998). Gastroenteritis caused
by Norwalk virus was first described after an outbreak in a school in Norwalk Ohio in
1968 and since then the number of reported outbreaks has increased to such an extent
that noroviruses were responsible for over 85% of non-bacterial gastroenteritis cases in
Europe between 1995 and 2000 (Estes et al., 2006, Lopman et al., 2003). In the US
there is estimated to be more than 23 million norovirus infections annually (Estes et
al., 2006). In the UK outbreaks of norovirus infections in healthcare settings were
estimated to cost $184 million between 2002 and 2003 and in other areas these viruses
are also a considerable economic burden (Estes et al., 2006, Lopman et al., 2004).
Comparable to other gastrointestinal pathogens human caliciviruses are transmitted via
the faecal — oral route, through contaminated food or water as well as via contaminated
surfaces (Gallimore et al., 2006, Patel et al., 2009). Airborne transmission has also
been demonstrated (Marks et al., 2000) and the infectious dose is extremely low, with
less than 10 virus particles being required to establish an infection (Donaldson et al.,
2008, Teunis et al., 2008).

Although human caliciviruses are most commonly associated with acute, rapidly
resolving outbreaks of gastroenteritis, it is often extremely difficult to control
outbreaks and very often highly susceptible individuals such as hospital patients,
children and the elderly are subjected to continuous cycles of infection and re-
infection. This is partly explained by the fact that immunity to these viruses is short-
lived (6-14 weeks) and caliciviruses undergo antigenic drift which contributes to the
large genetic diversify seen between strains (Johnson et al., 1990, Parrino et al., 1977).
In nursing homes and hospitals, noroviruses are the most common cause of

gastroenteritis and often exacerbate pre-existing conditions and lead to a patient’s
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deterioration (Estes et al., 2006). Humans with impaired immunity have been shown to
suffer from persistent norovirus infections where virus shedding can continue for
weeks or even months (Estes et al., 2006, Gallimore et al., 2004, Gallimore et al.,
2006, Murata et al., 2007). Recently, a link between norovirus infections and serious
conditions such as necrotizing enterocolitis in neonates (Turcios-Ruiz et al., 2008) as
well as convulsions in infants (Chen et al., 2009) have been reported. Globally, it is
difficult to estimate the impact of human caliciviruses on the 3.5 — 5 million annual
deaths from non-bacterial gastroenteritis, as the majority of these deaths occur in the
developing world, which lacks adequate healthcare, diagnostics and surveillance
(Bailey & Goodfellow, 2009). Currently there is no licensed vaccine or antiviral agents
against human noroviruses.

Similar to human caliciviruses, animal caliciviruses are also extremely common and
widespread. Murine norovirus (MNV) is an extremely common enteric pathogen of
laboratory mice and studies have revealed that up to 64.3% of mice can test
seropositive to MNV infection (Muller et al., 2007). In farming, porcine noroviruses
(Farkas et al., 2005) and bovine noroviruses (Scipioni et al., 2008) are extremely
common enteric pathogens. Feline caliciviruses (FCV) on the other hand are not
associated with gastrointestinal disease, but are responsible for frequently persistent
upper respiratory tract disease, with high infection rates associated with cats housed in
shelters or colonies (Radford et al., 2007).

1.1.2 Morphology

Caliciviruses are non-segmented single-stranded positive-sense RNA viruses, with the
name “calici” derived from the Latin word calyx (meaning cup or goblet), which was
used to describe the cup like depressions found on the virion surface. Calicivirus
particles (figure 1.1) were first visualised by immunoelectronmicroscopy in 1972.
Virus particles are icosahedral in shape with a diameter of 28-35 nm and are of similar
buoyant density (1.36 + 0.04
glcm®) (Duizer et al., 2004,
Estes et al, 2006, Kapikian,
2000, Karst et al., 2003, Wobus
et al, 2006). One of the

problems in terms of controlling

Figure 1.1. Calicivirus Electron microscopic images
(Atmar and Estes, 2001). A) Norwalk virus, B)
Baculovirus expressed Norwalk-virus particles C)

outbreaks of  gastroenteritis | Sapovirus.
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caused by caliciviruses is the fact that caliciviruses are heat stable up to 60°C and are
very resistant to many commonly used disinfectants, including high chlorine
concentrations, acidity, ethanol and quaternary ammoniums (Baert et al., 2008, Dolin,
2007, Estes et al., 2006).

1.1.3 Taxonomy

In terms of taxonomy, the Caliciviridae consist of 4 recognised genera although there
are two additional proposed genera (Farkas et al., 2008, Oliver et al., 2006).
Phylogenetic analysis has revealed that there is a close genetic relationship between
human caliciviruses and animal caliciviruses, and novel caliciviruses are continually
being identified (Bergin et al., 2009, Vashist et al., 2009) (figure 1.2).
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Figure 1.2. Phylogenetic relationship between caliciviruses. Unrooted tree phylogram as shown by
Farkas et al., 2008. Phylogram is based on amino acid sequence alignments of the calicivirus NTPase
(A), polymerase (B) and VPl (C). The degree of divergence is reflected as units of amino acid
substitutions per site which are represented by the scale bars.
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Of the recognised genera, the Sapovirus genus includes human sapoviruses such as
Manchester virus as well as porcine enteric caliciviruses (PECs). The Lagovirus genus
includes rabbit hemorrhagic disease virus (RHDV) and European brown hare
syndrome virus, both of which are associated with significant problems in the rabbit
industries (Green et al., 2000, Mclintosh et al., 2007). The Vesivirus genus includes
feline calicivirus (FCV), swine vesicular exanthema virus (SVEV) and San Miguel Sea
lion virus (SMSV) (Pringle, 1998). The Norovirus genus is comprised of several
genogroups (reviewed by Bailey et al., 2009). Human noroviruses are contained within
genogroups I, Il and IV. Genogroup Il also contains porcine strains, whereas
genogroup Il comprises bovine and ovine noroviruses. Canine and lion noroviruses
are classified within genogroups IV (Martella et al., 2007, Martella et al., 2008) and
MNYV is a member of genogroup V noroviruses (Bailey & Goodfellow, 2009).
Whereas the Norovirus and Vesivirus genera contain three distinct open reading frames
(ORFs) which show a small degree of overlap at the 5’ and 3’ junctions, there is no
overlap at the ORF1/ORF2 junction in sapoviruses or lagoviruses (figure 1.3) (Clarke
& Lambden, 2000). In addition, MNV contains a fourth overlapping open reading
frame (ORF4) which overlaps ORF2 in a +1 frame, the characterisation of which was
performed during the course of this work. Importantly, MNV is the only norovirus
predicted to contain an overlapping reading frame in this position. However, a
comparably located ORF4 equivalent (ORF4E) overlapping reading frame has been
predicted in some members of the Sapovirus genus, including Manchester virus,
Sapporovirus and Parkeville virus (Clarke & Lambden, 2000).

The proposed genera within the Caliciviridae include the Recovirus genus, of which
Tulane virus, a virus found in rhesus macaques is a representative (Farkas et al., 2008).
In addition, the Beco/Nabovirus genus which includes the bovine calicivirus Newbury-
1 has also been proposed (Oliver et al., 2006). Although the beco/nabovirus genome
organisation is typical to that seen of lago- and sapoviruses, several differences led to
the proposal of a new genus. These include differences in the length of the 5’
untranslated region (UTR), the fact that no overlap between ORF1 and ORF2 was
observed and the higher resemblance of the minor capsid protein to that of noroviruses.
The genome organisation of Tulane virus on the other hand is comparable to that seen
for noro- and vesiviruses, as three ORFs are present, although ORF1 is considerably
shorter (Farkas et al., 2008).
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Figure 1.3. Genome organisation of four genera within the Caliciviridae (adapted from Atmar &
Estes 2001). Whereas the first (ORF1) and second (ORF2) open reading frames show a small degree of
overlap in the Noro- and Vesivirus genera, no overlap is seen in the Sapo- and Lagovirus genera. A
fourth overlapping ORF (ORF4) is only thought to exist in MNV and not in other noroviruses, and only
some sapovirus members possess an overlapping open reading frame at the equivalent position (ORF4E).
Minor size differences between the reading frames are represented in the diagrams.

1.1.4 The study of Caliciviruses

In comparison to what is known about other positive-strand RNA viruses such as
picornaviruses, relatively little is known about the molecular biology of caliciviruses.
One of the reasons behind this is the fact that despite numerous efforts (Duizer et al.,
2004), there is no effective tissue culture system enabling in vitro cultivation of human
caliciviruses to date. However, a number of advances have been made in recent years.
For example, Norwalk virus RNA was infectious in mammalian cells, although
replication only proceeded for a single cycle (Guix et al., 2007). These findings
support the long-held belief that in vitro calicivirus cultivation is restricted at the level
of viral entry into the cells, either through receptor specificity or restrictions in viral
particle uncoating (Guix et al., 2007). Evidence that polarisation of cells is required for
in vitro calicivirus propagation is supported by findings that human noroviruses can be
passaged and replicated to low titres in 3-D differentiated cells in tissue culture (Straub
et al., 2007). However as this system is extremely costly, labour intensive, and difficult

to establish, these findings remain to be confirmed by other independent research
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groups. Consequently, the widespread use of this system in order to study human
caliciviruses is extremely unlikely. Although a study with gnotobiotic pigs has
demonstrated that it is possible to successfully passage a genogroup Il human
norovirus, the use of pigs is also extremely costly and labour intensive (Cheetham et
al., 2006). Passage was also only possible in a proportion of gnotobiotic pigs in which
the development of mild diarrhoea with virus shedding and seroconversion was
reported (Cheetham et al., 2006). With the lack of an in vitro propagation system for
human caliciviruses, alternative approaches to studying caliciviruses include the
generation of stable cell lines expressing replicating Norwalk virus RNA (Chang et al.,
2006) as well as the use of recombinant virus-like particles (Huang et al., 2005, Taube
et al., 2005).

In addition, animal caliciviruses which grow in tissue culture are often used as model
systems for studying human calicivirus biology. For a considerable time, FCV was the
most common model system for studying caliciviruses, as FCV was the first calicivirus
to grow efficiently in cell culture and have a reverse genetics system (Sosnovtsev &
Green, 1995). However, a major difference between human caliciviruses and FCV is
the fact that FCV is associated with frequently persistent upper respiratory tract and
not gastrointestinal disease. Consequently, other caliciviruses such as PECs and
particularly MNV have become the systems of choice as these viruses spread via the
faecal-oral and possibly respiratory route. Recent advances have also ensured that
reverse genetics systems for studying PEC or MNV mutants are now also available
(Chang et al., 2005, Chaudhry et al., 2007, Ward et al., 2007). A preference for MNV
has resulted due to the close genetic relatedness between MNV and human noroviruses
and the fact that studying the virus in the natural host is extremely cost-effective in

comparison to other caliciviruses.

1.1.5 MNV

In 2003, the first MNV strain (MNV-1) was identified in mice lacking recombination-
activation gene 2 (RAG2) and signal transducer and activation of transcription 1
(STAT1) (Karst et al., 2003, Wobus et al., 2006). STAT1” mice or those lacking both
type | and Il IFN receptors rapidly succumb to a fatal systemic disease when
inoculated with MNV-1 (Karst et al., 2003, Mumphrey et al., 2007, Wobus et al.,
2006). Symptoms of this lethal infection include meningitis, encephalitis, pneumonia,
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hepatitis and vasculitis of the cerebral vessels (Karst et al., 2003). In RAG™ mice
MNV-1 infection is not lethal but causes a persistent infection with continuous virus
shedding (Karst et al., 2003, Wobus et al., 2006). These observations led to the
conclusion that whilst the innate immune system is required for infection control, the
adaptive immune system is needed for viral clearance (Wobus et al., 2006).
Interestingly, mice lacking either type | or type Il interferon receptors, protein kinase
RNA activated (PKR) or inducible nitric oxide synthase were no more susceptible to
systemic disease than wild-type 129 mice (Karst et al., 2003). The fact that mice
lacking either type I or type Il interferon receptors did not succumb to fatal disease
whereas those lacking both did, demonstrates the importance of IFN in clearing MNV-
1 infection and is an example of how type | and type Il interferon receptors can
substitute each other if necessary (Karst et al., 2003). In inbred mice MNV-1 causes a
subclinical infection and disease is perturbed by a functioning STAT-1 pathway, which
is critical for the interferon (IFN) response (Mumphrey et al., 2007). Although the
infection is subclinical, the virus replicates in the intestine and spleen and is
associated with histopathological changes (Mumphrey et al., 2007).

Later it was discovered that similar to human noroviruses, MNV is a widespread
pathogen and there are a number of other murine norovirus strains (Hsu et al., 2007,
Wobus et al., 2006). Surprisingly, studies in a research facility have shown that up to
67.5% of research mouse colonies contain MNV reactive antibodies, which could
potentially have an impact on research experiments (Muller et al., 2007). Recent
studies using a number of viruses including influenza-, vaccinia-, cytomegalo- as well
as retroviruses have shown that MNV infection does not significantly affect the
immune response or the viral titres of these secondary agents (Ammann et al., 2009,
Doom et al.,, 2009, Hensley et al., 2009). However, an alternative study has
demonstrated that disease progression in the mouse model of inflammatory bowel
disease is affected by MNV infection (Lencioni et al., 2008), which suggests that the
study of intestinal pathogens could be affected in research facilities in which MNV is
inherent. Although very similar at the genomic level, the phenotype seen upon
infection with MNV strains other than MNV-1 differs significantly to MNV-1 (Hsu et
al., 2007). Rather than establishing a subclinical infection similar to that caused by
MNV-1, all other murine norovirus strains are associated with persistent infections and
prolonged faecal shedding in inbred mice (Hsu et al., 2007).
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In vitro, MNV replicates well in haematopoietic cells, particularly in macrophages and
dendritic cells (Wobus et al., 2004, Wobus et al., 2006). MNV is commonly
propagated in RAW264.7 cells, an immortalised mouse macrophage cell line which
was established from a lymphocytic lymphoma induced by Abelson murine leukaemia
virus (Raschke et al., 1978). The first isolated strain of MNV-1 (CW1) (Karst et al.,
2003, Wobus et al., 2004) was used to establish two reverse genetics systems. The
system presented by Ward et al is based on a polymerase Il driven system to recover
MNYV and a number of variations of this approach have been described (Ward et al.,
2007). An alternative system described by Chaudhry et al, employs Fowlpox virus
(FPV) expressing T7 RNA polymerase in order to drive the expression of MNV cDNA
clones under the control of a T7 promoter (Chaudhry et al., 2007). As this latter system
is associated with higher virus yields, it is currently the preferential approach to
studying MNV.

As with all model systems however, some aspects of the study of MNV may not apply
to human noroviruses, and it is important to remember that differences do exist. For
one, mice can not vomit due to the lack of an emetic reflex, and they also do not
routinely develop diarrhoea after MNV infection. Secondly, prolonged faecal shedding
and viral persistence is commonly associated with MNV infection, even in
immunocompetent mice. In humans however, persistent norovirus infections are
usually associated with an immunocompromised status (Estes et al., 2006, Gallimore et
al., 2004, Gallimore et al., 2006, Murata et al., 2007). However, in spite of these
differences, on a molecular biology basis MNV has and can continue to contribute to
knowledge of the calicivirus life cycle and the functions of proteins produced during

infection.

1.1.6 Calicivirus life cycle and proteins

1.1.6.1 Attachment and entry

In humans, susceptibility to norovirus infections is determined by a person’s histo-
blood group antigens (HBGA) and secretor status, thus explaining why people with an
O blood group phenotype are more susceptible to infection and suffer frequent bouts of
disease in comparison to others (Dolin, 2007, Estes et al., 2006). HBGA are
carbohydrates present on gut epithelial cells and are the most probable norovirus
receptors, although co-receptors may also be involved (Dolin, 2007, Estes et al., 2006,
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Hutson et al., 2002). In vitro, noroviruses have indeed been shown to bind to a number
of histo-blood group antigens (Nilsson et al., 2009, Rydell et al., 2009) as well as
heparin sulphate (Tamura et al., 2004). For FCV, the transmembrane,
immunoglobulin-like superfamily member junctional adhesion molecule 1 (JAM-1)
and a-2,6-sialic acid can act as functional receptors (Makino et al., 2006, Stuart &
Brown, 2007). Using murine macrophages it has recently been demonstrated that
terminal sialic acid moieties present on gangliosides can also act as receptors for MNV
(Taube et al., 2009). Following JAM-1 binding of FCV, conformational changes in the
capsid structure take place (Bhella et al., 2008) and similar to many other non-
enveloped viruses such as picornaviruses, adenoviruses, and coxsackievirus B3, FCV
enters cells by clathrin-mediated endocytosis (Stuart & Brown, 2006). Whereas
acidification of the endosome enables FCV uncoating which allows the viral genome
to enter the cytoplasm (Stuart & Brown, 2006), recent studies using MNV have shown

that viral entry into permissive cells is pH independent (Perry et al., 2009).

1.1.6.2 Translation of viral proteins

Upon entering the cell, the 7-8 kb positive-sense polyadenylated viral genome can
immediately act as mMRNA for protein synthesis (Carter et al., 1992, Sosnovtsev et al.,
2006). However, unlike the host mMRNAs, the genome does not possess the classic 5’
cap structure which is essential for translation (figure 1.4). Instead, caliciviruses
employ a unique mechanism of translation in order to ensure the preferential
translation of the viral RNA over that of the host. Caliciviruses possess a 13-15 kDa
VPg protein (viral protein genome linked) which acts as a cap substitute and recruits
translation initiation factors (Chaudhry et al., 2006, Daughenbaugh et al., 2003,
Goodfellow et al., 2005).

The involvement of host cell proteins such as polypyrimidine tract binding protein
(PTB), La and poly-C binding protein (PCBP) in FCV translation has also been
demonstrated (Karakasiliotis et al., 2006) (and unpublished observations from my
colleagues). Although the closely related picornaviruses also have a VPg protein
covalently linked to the 5 end, there is no sequence homology and the calicivirus VPg
is approximately 10 kDa larger. Instead of VVPg-dependent translation, picornaviruses
utilise the 650-1300 nucleotides located in the 5° UTR which forms an internal
ribosomal entry site (IRES). With the extremely short 5 UTR found in caliciviruses (5
nucleotides in MNV, 19 nucleotides in FCV), it is clear that IRES-dependent
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translation does not occur, and in contrast to picornaviruses, the larger VPg is required

for translation (Sosnovtsev et al., 2006).
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Figure 1.4. Diagrammatic representations of the MNV (A) and FCV (B) genomes. The
calicivirus genomic and subgenomic RNAs have a protein (VPg) covalently linked to the 5” end and
have a 3’ poly adenylated tail. A short 5” and 3’ untranslated region (UTR) is also found on either
end of the protein-coding sequence. Caliciviruses encode three characterised ORFs with ORF1 being
proteolytically processed into 6 non-structural proteins, whereas ORF2 encodes the major capsid
protein VP1 and ORF3 the minor capsid protein VP2. In MNV, a fourth open reading frame (ORF4)
has been identified. Differences exist in the nomenclature between MNV (A) and FCV (B) proteins,
although the relative genome positions are equivalent. In MNV non-structural (NS) proteins are
labelled NS1-7, with NS1/2 not being proteolytically cleaved despite the presence of a protease
cleavage site (dashed line) (Sosnovtsev et al., 2006). In FCV, non-structural proteins are labelled
according to size, with the largest protein (p76) being the protease polymerase fusion (Sosnovtsev et
al., 2002). Some proteins are also named after picornavirus homologues (2B, 2C, 3A), pro =
protease, pol = polymerase, LC = leader capsid.

The precise role of the polyA tail in the calicivirus life cycle remains to be elucidated,
as in vitro studies with RHDV have shown that the 3’ poly-A tail can in fact be deleted
without having much impact on virus replication (Liu et al., 2008b). However, studies
using MNV have shown that the correct nucleotide sequence immediately upstream of
the 3’ poly-A tail is essential for virus recovery in vitro (Chaudhry et al., 2007) and
that conserved RNA secondary structures present in the 3’ end of the viral genome
play a role in viral virulence (Bailey et al., 2010b).

Until recently, with the exception of Manchester virus, the calicivirus genome was
thought to encode three ORFs (Carter et al., 1992, Karst et al., 2003, Liu et al., 1995,
Sosnovtsev et al., 2006). Translation of the first open reading frame yields a large
polyprotein containing the non-structural proteins (figure 1.4). In vitro as well as in
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infected cells, this product is cleaved by the virus encoded 3C-like protease (Pro) to
release the six mature non-structural proteins (Sosnovtsev et al., 2006, Wobus et al.,
2006). Comparable to picornaviruses, uncleaved precursor proteins such as that of the
protease and polymerase and the first and second non-structural proteins can also be
detected (Sosnovtsev et al., 2006, Wobus et al., 2004). Although the polyprotein
layout is comparable for both FCV and MNV, differences do exist. In FCV infected
cells, the viral capsid is produced as an immature protein which requires proteolytic
removal of the leader capsid sequence (LC). For FCV, the viral protease and
polymerase are merged (p76), whereas in MNV infected cells these proteins must be
separated into the protease (NS6) and polymerase (NS7) in order to be functional
(Sosnovtsev et al., 2006, Sosnovtsev et al., 2002, Ward et al., 2007). In MNV infected
cells the first two non-structural proteins (NS1/2) are found as a fusion, unlike the
FCV equivalent proteins p32 and p39 (Sosnovtsev et al., 2006, Sosnovtsev et al.,
2002). Additional to the protease cleavage sites, the MNV polyprotein also contains
three caspase 3 cleavage sequences in NS1/2 (Sosnovtsev et al., 2006, Thackray et al.,
2007). Caspases (cysteine aspartic acid proteases) are cellular proteases which are
activated following stimulation of apoptosis (Chowdhury et al., 2008). Although MNV
infection of RAW264.7 cells is associated with apoptosis induction and subsequent
caspase 3 activation (Bok et al., 2009, Furman et al., 2009), two of the known cleavage
sites are not conserved among MNV stains, whilst a highly conserved predicted third
cleavage site was not experimentally cleaved (Sosnovtsev et al., 2006, Thackray et al.,
2007).

The first non-structural protein in MNV is NS1/2, which is predicted to have a similar
function to the picornavirus 2B protein. In picornaviruses, 2B is thought to insert into
the membrane via hydrophobic membrane spanning domains where it is involved in
membrane rearrangements, including vesicle formation and alteration of membrane
permeability (Agirre et al., 2002, Madan et al., 2007). In FCV infected cells, p32
associates with membranous replication complexes (Green et al., 2002), and like all
MNV non-structural proteins NS1/2 has also been associated with replication
complexes (Hyde et al., 2009). However, cytoplasmic labelling of MNV infected cells
with NS1/2 also suggest a role outside the replication complex (Hyde et al., 2009).
Evidence from the Norwalk virus analogue p48 suggest that the protein localises to the
Golgi apparatus and disrupts vesicle transport (Ettayebi & Hardy, 2003). Consistent
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with these data, p48 was shown to interact with the vesicle-associated membrane
protein-associated protein A (VAP-A) (Ettayebi & Hardy, 2003).

Because of a predicted nucleotide triphosphate (NTP) binding domain, MNV NS3 and
related calicivirus equivalents are thought to be similar to the 2C NTPase of
picornaviruses. NTPase activity has been demonstrated in vitro for RHDV and the
norovirus Southampton virus (Marin et al., 2000, Pfister & Wimmer, 2001). Although
the protein shares sequence motifs similar to superfamily 3 helicases, in vitro assays
have not been able to show helicase activity, which stands in contrast to what has been
demonstrated for the HCV NS3 protein (Pfister & Wimmer, 2001). An association
with the viral replication complex has been shown for FCV (Sosnovtsev et al., 2002)
as well as MNV (Hyde et al., 2009). MNV NS3 also demonstrated distinct foci of
cytoplasmic localisation, indicating that the protein may not just be involved in viral
replication. Little is known about the fourth non-structural protein of the calicivirus
ORF1 (NS4 in MNV and p30 in FCV). However, mutations in MNV NS4 are thought
to play a role in tissue culture adaptation of MNV (Bailey et al., 2008). The predicted
amphipathic helix is thought to have membrane association properties and like the
picornavirus 3A protein, NS4 is thought to recruit VPg to membrane vesicles in the
replication complex (Green et al., 2002, Hyde et al., 2009, Sosnovtsev et al., 2002).
MNV NS5 (and related calicivirus equivalents) is more commonly known as VPg,
which is covalently linked to the viral genomic and subgenomic RNA (Herbert et al.,
1997). VPg is essential for virus infectivity, as treatment with proteinase K results in
the viral RNA being non-infectious (Burroughs & Brown, 1978, Schaffer et al., 1980).
Similarly, in vitro translation of FCV RNA was inhibited following removal of VPg
(Herbert et al., 1997), whereas in vitro transcribed capped FCV RNAs derived from
cDNA clones were infectious when transfected into cells (Sosnovtsev & Green, 1995).
In MNV, VPg removal also renders the virus non-infections and in vitro translation
does not occur (Chaudhry et al., 2006). In vitro, MNV, FCV and Lordsdale virus have
all been shown to bind the cap-binding elF4F component elF4E, and GST- pulldowns
using Norwalk virus VPg have demonstrated other elF4F components such as the
elF4A helicase and the scaffold protein elF4G also associate with the translation
complex (Chaudhry et al., 2006, Daughenbaugh et al., 2006, Goodfellow et al., 2005).
However, differences exist between FCV and MNV in the requirement for elF4E, with
in vitro depletion of elFAE severely affecting VPg-dependent FCV, but not MNV
translation (Chaudhry et al., 2006). Differences were also observed in the requirement
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for elF4A in vitro as well as in tissue culture, with an increased requirement of MNV
for elF4A (Chaudhry et al., 2006). As elF4A has RNA helicase activity, the increased
requirement seen for MNV may well be due to the higher levels of RNA secondary
structure present in the genome of MNV (Simmonds et al., 2008). Other studies have
demonstrated a direct interaction between recombinant Norwalk virus VPg and the
elF3d component of the elF3 translation initiation complex, and the whole elF3
complex could be isolated from cells expressing Norwalk virus GST-tagged VPg
(Daughenbaugh et al., 2003). Calicivirus VPg has also been shown to interact with the
viral polymerase and capsid protein (Kaiser et al., 2006), demonstrating that VPg is
likely to play many roles in the virus life cycle.

The viral 3C-like protease (NS6 in MNV) is released from the polyprotein through
autocatalytic cleavage and subsequently cleaves the ORF1 polyprotein with high
specificity (Sosnovtsev et al., 2002). In FCV, the protease is fused to the polymerase as
a single functional entity (p76), which is the only form found during infection (Wei et
al., 2001a). All calicivirus proteases belong to the chymotrypsin-like serine protease
superfamily and cleave the non-structural polyprotein precursor molecule (Sosnovtsev
et al., 2006). It has been demonstrated that the calicivirus protease cleaves host cell
poly(A) binding protein (PABP) (Kuyumcu-Martinez et al., 2004) as well as the
eukaryotic initiation factor elF4G (Willcocks et al., 2004), both essential components
of host cell mRNA translation. The purpose of this cleavage is thought to be the
shutoff of host translation, and it is likely that the viral protease also cleaves other host

factors.

1.1.6.3 Genome replication and translation of the structural proteins

The C-terminal non-structural protein encodes the viral RNA-dependent RNA
polymerase (NS7 in MNV), which comparable to other RNA dependent RNA
polymerases lacks proofreading activity, therefore supporting the ability of
caliciviruses to undergo antigenic drift (Estes et al., 2006, Sosnovtsev et al., 2006,
Wobus et al., 2006). The viral polymerase replicates the viral genome via a negative-
sense intermediate, and northern blot analysis has revealed that negative-sense
genomic as well as subgenomic RNA can be detected during infection (Green et al.,
2002). The RHDV polymerase has been shown to transfer nucleotides to VPg (Machin
et al., 2001), thus explaining the covalent linkage between the VVPg protein and viral
RNA.
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In MNV, cleavage of the protease-polymerase precursor molecule into separate
subunits is essential for virus replication (Ward et al., 2007). The preservation of
conserved RNA secondary structures within the MNV genome is also required for
viral replication (Simmonds et al., 2008). During replication, intracellular membrane
rearrangement as well as the loss of an intact Golgi apparatus can be observed (Hyde
et al., 2009, Wobus et al., 2006).

Both norovirus and sapovirus RNA-dependent RNA polymerases can act in a primer
independent manner and can initiate de novo RNA synthesis (Fukushi et al., 2004,
Fullerton et al., 2007). Currently, there are two proposed mechanisms (figure 1.5) for
the production of an approximately 2.4 kb VPg-linked polyadenylated subgenomic
RNA which is expressed during calicivirus replication (Herbert et al., 1997, Meyers et
al., 1991, Neill, 2002). The first is that during negative-sense RNA synthesis,
premature termination of the polymerase activity produces a negative-sense
subgenomic RNA, which then acts as a template for positive-sense subgenomic RNA
synthesis. A second and more widely held belief is that synthesis of the subgenomic
RNA is primed from a subgenomic promoter present upstream of ORF2 on the full-
length negative-strand. In support of the latter theory are the requirement for conserved
RNA secondary structures upstream of ORF2 for efficient replication, as well as the
fact that some RNA secondary structures were predicted to be more stable in the
negative-sense template than the positive (Simmonds et al., 2008).

As the vast proportion of produced capsid proteins are translated from the subgenomic
RNA, the production of a subgenomic message may act to delay the production of
structural proteins until viral replication has taken place (Wobus et al., 2006). On the
subgenomic RNA, ORF2 encodes the 58.9 kDa major capsid protein (VP1) and ORF3
encodes the 22.1 kDa minor capsid protein (VP2) (Clarke & Lambden, 1997, Clarke &
Lambden, 2000, Wobus et al., 2006). Studies with RHDV have shown that VP2 is not
essential for virus infectivity (Liu et al., 2008a). Interestingly, for FCV, RHDV and
MNYV it has been shown that translation of the minor capsid protein VP2 occurs though
a novel translation mechanism, dependent on a motif termed TURBs (termination
upstream ribosome binding site motif), which is located immediately upstream of the
VP1 stop codon (Meyers, 2003). The TURBs actually contains two important
sequences, with the 5’ sequence though to be important in binding the ribosome (it
contains 18S rRNA complementary sequence), whilst the other sequence is though to
be important in positioning the ribosome to enable translation of VP2 at the correct site
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(Meyers, 2003, Meyers, 2007, Napthine et al., 2009). Another proposed model is that
elF3 binds to the TURBs motif preventing disassembly of the ribosome following VP1

termination, which is supported by the fact that purified elF3 stimulates translational
re-initiation (Poyry et al., 2007).
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Figure 1.5. Proposed models for the synthesis of MNV subgenomic RNAs. Either the viral
polymerase binds to a promoter present in the full-length negative-sense anti-genome strand of
MNV, thus resulting in the MNV subgenomic RNA (A), or premature termination of anti-genome
synthesis results in a negative-sense subgenomic RNA which is then copied into the positive-sense
subgenomic RNA (B). Adapted from a review (Putics et al., in press).

VP1 contains two domains with P1 and P2 forming the protruding domain and the S
domain forming the capsid icosahedron (Muller et al., 2007). The P2 domain has been
implicated in the virus-cell interaction and probably represents the main immune
recognition domain as it exhibits a high degree of genetic sequence diversity (Muller et
al., 2007). VP2 is predicted to stabilise VP1 in the capsid structure (Muller et al.,
2007). Expression of VP1, with or without the co-expression of VP2 leads to self-
assembled virus-like particles (VLPs) (Green et al., 1997, Jiang et al., 1992, Taube et
al., 2005). VLPs have been used to study a variety of virus-host interactions as they are
morphologically and antigenically indistinguishable from real virus particles (Estes et
al., 2006). Recent cryo-electon microscopic images of MNV have shown that MNV
differs to previously characterised caliciviruses as the protruding domain is lifted off
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the shell domain and is rotated such that new interactions are formed at the P1 base to
generate a cage-like structure which engulfs the shell domains (Katpally et al., 2008).
This structure has been suggested to be a form of capsid maturation which may occur
in some caliciviruses (Katpally et al., 2008).

Once protein synthesis and genome replication has occurred, the viral RNA is
packaged into viral particles. Evidence suggests that the subgenomic RNA is
encapsidated in RHDV as well as in FCV (Meyers et al., 1991, Neill, 2002).
Unfortunately, little is known about the mechanisms of viral release, but as many
calicivirus infections induce apoptosis, it can be speculated that apoptosis-induced
membrane collapse serves the release of virus particles (Al-Molawi et al., 2003,
Alonso et al., 1998, Bok et al., 2009, Furman et al., 2009, Sosnovtsev et al., 2003).

The aim of this project was to characterise a previously unidentified fourth open
reading frame (ORF4) in the MNV genome. Bioinformatic evidence strongly suggests
the existence of this fourth ORF in the MNV genome, which overlaps with the capsid
encoding region at the start of the subgenomic RNA in a +1 frame (figure 1.4).
Analysis of the degree of suppression of synonymous site variability (SSSV) within
the MNV genome was examined and published in 2008 by Simmonds et al. Using the
programme Sequence Scan in the Simmonic sequence editor (Simmonds et al., 2008),
the codon variability was examined for all the available MNV genomes. This approach
analyses the frequency with which each codon for a particular amino acid is used at a
particular position in the genome and compares it to how often that codon could be
employed due to the degeneracy of the genetic code. As can be seen (figure 1.6a), a
high degree of SSSV exists within the first 650 nucleotides of the MNV subgenomic
RNA. For example, within ORF4 leucine is encoded by the triplet UUG at a far higher
frequency (15 out of 33 codons = 45%) than leucine is encoded for in ORF1 (17 of 128
= 13%) or indeed any of the other single coding ORFs, which encode leucine at a
comparable rate to ORF1 (data not shown). Even though SSSV can be indicative of
evolutionarily conserved RNA secondary structure(s) within coding sequences, such as
in the cis-replicating element in the 2C coding region of human enteroviruses
(Goodfellow et al., 2000), in this case the area of SSSV in MNV overlaps precisely
with the region predicted to encode ORF4 (figure 1.6a). As the ORF4 coding region
represents the start to the subgenomic RNA, RNA secondary structures important for
virus translation and/or replication are likely to be present in this region. However,
SSSV over such a significant stretch of the genome is not seen in the related norovirus
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GII family (figure 1.6a), or in fact any of the other related caliciviruses (vesiviruses,
lagoviruses or sapoviruses) (Simmonds et al., 2008). These findings correlate with
previous observations (Muller et al., 2007, Thackray et al., 2007), where low genetic

diversity beginning at the ORF1-ORF2 junction but extending well into the ORF4

region was observed for a number of different MNV strains.
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Figure 1.6. Bioinformatic analysis of ORF4. A) Suppression of synonymous site variation (SSSV)
within all the currently sequenced MNV strains reveals a high SSSV within the ORF4 region which
cannot be seen in the related sequenced Norovirus Gll strains (B). Similarly, higher MFED values
are also seen in the ORF4 region for MNV. Diagram as depicted by Simmonds et al., 2008.

Similarly, higher mean fold energy difference (MFED) values are required for

maintaining conserved RNA secondary structures (Simmonds et al.,

2008). MFED
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values are essentially comparative thermodynamic values between the free energies
generated when folding sequence specific RNA fragments to the free energies
generated when the sequence of those fragments is randomised. Importantly, within
these randomised sequences, the amino acid sequence order of the protein is
maintained. For caliciviruses higher MFED values are also seen upstream of the
ORF1/2 junction and this region potentially contains a small RNA structure involved
in subgenomic RNA synthesis. For MNV, the higher MFED values at the beginning of
the subgenomic RNA extend further into ORF2 (and therefore into ORF4) than for the
other related viruses, although the extension does not cover the entire ORF4 coding
region (figure 1.6a).

Interestingly, although the related human SV are also predicted to encode an
overlapping open reading frame within the VP1 coding region (Liu et al., 1995), the
analysis by Simmonds et al., did not reveal a high degree of SSSV for sapoviruses as
seen for MNV (Simmonds et al., 2008). One reason for this could be that unlike MNV,
the SV ORF4E is not present in all SV strains. Furthermore, the lack of available
genome sequences for SV also restricted this analysis because all individual
genogroups were pooled, thus providing difficulties in identifying and demonstrating
the position of an overlapping reading frame using this approach. Closer bioinformatic
analysis of the lagovirus RDHV during the course of this work also revealed a
potential 120 amino acid overlapping reading frame initiated from a GTG with a G
being present in positions +4. Similarly, ATG initiation could give rise to an 82 amino
acid protein for SMSV, although this ATG is not surrounded by an optimal Kozak
context. However, further approaches would be required to characterise the true nature
of these potential reading frames which are significantly shorter than the 214 amino
acid protein encoded by MNV. The lack of available sequences for SMSV virus make
such a bioinformatic approach difficult, and the lack of significant SSSV within
lagoviruses (Simmonds et al., 2008), suggest that comparable to sapoviruses,
differences in the presence of this uncharacterised reading frame may be strain
specific.

After this project had commenced a number of publications have referred to the
existence of ORF4 (Chachu et al., 2008a, Hyde et al., 2009, McCartney et al., 2008,
Thackray et al., 2007), although in all cases the ORF4 is referred to as uncharacterised
and the question as to whether a functional protein product is actually encoded is
frequently posed (Chachu et al., 2008a, Hyde et al., 2009, McCartney et al., 2008).
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The MNV ORF4 protein shares no homology with any previously characterised
proteins, yet it is highly conserved between MNV isolates. During the course of this
project evidence has been generated to suggest that MNV ORF4 encodes an accessory
virulence factor which is involved in the process of programmed cell death (apoptosis).
Although there is no homology between the MNV ORF4 protein and other
characterised viral overlapping ORF proteins, many of these overlapping ORF proteins
also act as accessory virulence factors. The following sections will therefore describe
some examples of overlapping ORFs in both positive- as well as negative-strand RNA

viruses.

1.2 Overlapping reading frames

Overlapping ORFs exist in many viral genomes regardless of the nucleic acid type or
genome polarity. Optimal usage of limited genome capacity which must be restricted
due to the nature of the error prone polymerase is certainly an advantage of
overlapping reading frames. The requirement for conservation of two reading frames
can also constrain genetic diversity resulting from the high error prone polymerase
activity of RNA viruses (Belshaw et al., 2007). The use of overlapping frames can also
be seen as a means to regulate the production of protein as ribosomes effectively
compete for reading frames. Although often not essential for survival in tissue culture,
the products of these overlapping frames are frequently virulence factors and as will be
shown, this is also thought to be the case for the MNV ORF4 protein. As MNV is a
positive-sense RNA virus, the first three examples of characterised overlapping
reading frames will be from positive-stranded RNA viruses, after which there will also
be two examples from negative-strand RNA viruses, where the similarities between the
overlapping reading frame proteins and MNV ORF4 protein will later become
apparent. However, it is important to remember that although these examples were
chosen, there are many other examples of overlapping reading frames in RNA viruses,
DNA viruses and even in pro- and eukaryotes, with further examples being named at
the end of this section.
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1.2.1 Positive-strand RNA viruses

1.2.1.1 Hepatitis E virus (HEV)

Hepatitis E virus (HEV) is a positive-sense single-stranded RNA virus, which is
currently classified in the sole genus of Hepevirus (Huang et al., 2007, Panda et al.,
2007). HEV s responsible for acute viral hepatitis and endemic HEV is particularly a
problem in developing countries as HEV is an enteric zoonotic pathogen, which can
spread via contact with infected animals or the consumption of contaminated meat
(Panda et al., 2007). Amongst others, animals shown to faecally excrete HEV or show
HEV specific antibodies include pigs, deer, cattle, donkeys, mules, rodents and
mongoose (Panda et al., 2007).

The 7.2 kb HEV genome is polyadenylated and contains a 5” cap structure (Panda et
al., 2007, Zhang et al., 2001). Due to similarities in genome organisation and the fact
that HEV is an enteric pathogen, HEV was originally classified as a member of the
Caliciviridae, with the non-structural genes encoded in the first ORF at the 5* end of
the genome and the structural genes encoded in the second ORF at the 3’ end (figure
1.7) (Tam et al., 1991). However, HEV also contains an overlapping reading frame
(ORF3) beginning in the ORF1- ORF2 junction, which is expressed from a bicistronic
subgenomic RNA (Graff et al., 2006). Until recently it was thought that HEV ORF3
overlaps with ORF1 at the 5* end by one nucleotide and then significantly overlaps
with ORF2 (figure 1.7) (Huang et al., 2007, Surjit et al., 2004). However, current
evidence suggests that instead of initiating at this predicted position and encoding a
123 amino acid protein, ORF3 initiates at a downstream AUG to produce a 114 amino
acid protein (Huang et al., 2007).

The ORF3 protein, which is essential for viral infectivity in vivo (Huang et al., 2007)
but not in vitro (Emerson et al., 2006), has structural as well as non-structural
functions. In terms of acting as a structural protein, the ORF3 protein forms
homodimers (Tyagi et al., 2001) and associates with viral particles (Tyagi et al., 2002).
Sequence alignments between the HEV ORF3 protein and the MNV minor capsid
protein VP2 which is produced from MNV ORF3 have shown a significant degree of
sequence homology between the two proteins (Bailey, unpublished observations).
ORF3 is phosphorylated at a single serine residue via the mitogen-activated protein
kinase signalling pathway and associates with the cytoskeleton (Zafrullah et al., 1997).
By associating with the cytoskeletal network (in particular microtubules), the ORF3
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protein has been proposed to act as a cytoskeletal anchor which recruits ORF2 for
particle assembly (Kannan et al., 2009, Panda et al., 2007).

ORF1 ORF2
UTR
(5)m'"G —  MeT Y |Pro| P | X| Hel RdRp [ Capsid —A.(3)
ORF3

Figure 1.7. HEV genome organisation. The viral genome is flanked at both the 5’ and 3’ ends by a
short untranslated region (UTR). Genomes are capped and possess a polyA tail. Translation occurs
from 3 ORFs. ORF1 encodes the non-structural proteins which include the methyltransferase (MeT),
the uncharacterised Y domain (Y), protease (Pro), proline-hinge region (P), protease associated X
domain (X), helicase (Hel) and RNA-dependent RNA polymerase (RdRp) (Panda et al., 2007). The
capsid protein is encoded by ORF2 and structural as well as non-structural properties have been
attributed to the ORF3 overlapping reading frame protein.

In addition to having structural functions, the ORF3 protein has been shown to interact
with src-homology 3 (SH3) domain containing proteins via carboxy located conserved
polyproline motifs (sequence PxxP) (Korkaya et al., 2001, Panda et al., 2007). SH3
domains are common to numerous proteins and are involved in intracellular signalling
and cytoskeletal organisation (Korkaya et al., 2001, Lee et al., 1995, Macdonald et al.,
2005). Dimerised phosphorylated ORF3 binds to numerous SH3 domain containing
proteins including the signal transduction pathway proteins Src, Hck, Fyn, the p58a
regulatory subunit of phosphatidylinositol 3-kinase, phospholipase Cy and the adaptor
protein Grb2 (Korkaya et al., 2001, Surjit et al., 2004). It is thought that interaction
with these SH3 domain containing proteins serves to perturb host antiviral signalling
cascades as has been demonstrated for a number of viral proteins including NS5A of
HCV (Macdonald et al., 2005) and the Nef protein of human immunodeficiency virus
(HIV) (Macdonald et al., 2005, Saksela et al., 1995). The ORF3 protein also localises
to early and recycling endosome where the protein interferes with epidermal growth
factor (EGFR) signalling (Chandra et al., 2008). As EGFR endocytosis is required for
the nuclear translocation of signal transducer and activator of transcription (STAT3) in
response to cellular stress, interference from the ORF3 protein is thought to promote
cell survival and down-regulate the inflammatory response (Chandra et al., 2008).
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1.2.1.2 Hepatitis C virus (HCV)

Hepatitis C virus (HCV), a member of the Hepacivirus genus within the Flaviviridae
family also contains a conserved overlapping reading frame in a 9.5 kb positive-sense
RNA genome (Vassilaki & Mavromara, 2003, Walewski et al., 2001). Although
asymptomatic infection with HCV is frequent, once HCV infection is established it
causes liver hepatitis, with persistent infections leading to liver cirrhosis and
hepatocellular carcinoma. HCV infection is currently a major global health problem in
developed as well as developing countries and extensive treatment consisting of
pegylated interferon alpha and ribavirin is often not successful.

Until 2001 reviews were reporting that HCV contains a single ORF (Moradpour et al.,
2001). The translation of this ORF is IRES mediated and yields a large polyprotein
which is processed into structural and non-structural proteins by viral and cellular
proteases (figure 1.8) (Dubuisson, 2007, Qureshi, 2007, Suzuki et al., 2007a, Suzuki et
al., 2007b). However, early bioinformatic evidence suggested that in addition to the
core protein, the N-terminus of HCV also encodes another protein in a +1 ORF relative
to the core-encoding region (figure 1.8) (Ina et al., 1994, Smith & Simmonds, 1997).
The protein encoded by this overlapping reading frame is known as the frameshift (F)
protein, alternative reading frame protein (ARFP) or core+l protein (Vassilaki &
Mavromara, 2009). A number of in vitro studies such as the rabbit reticulocyte lysate
system and tissue culture expression have demonstrated that the F protein is expressed
from this ORF (Baril & Brakier-Gingras, 2005, Varaklioti et al., 2002, Vassilaki &
Mavromara, 2003, Xu et al., 2001). Although to date the F protein has not been
detected during in vivo infection, a T-cell specific immune response (Bain et al., 2004)
and antibodies to the F protein have been detected in the sera of HCV infected patients
(Cohen et al., 2007, Komurian-Pradel et al., 2004, Varaklioti et al., 2002, Walewski et
al., 2001).

Studies have demonstrated that the F protein is not essential for HCV replication in
tissue culture or in vivo and that the region encoding the F protein contains functional
RNA secondary structures (McMullan et al., 2007, Vassilaki et al., 2008b). The
requirement of these RNA secondary structures rather than F protein expression for
optimal virus replication has therefore raised the question whether the overlapping
reading frame is in fact authentic. Disputes also exist over the actual translational start
site of the F protein and until recently, it was widely believed that F protein expression
was the result of ribosomal frameshift between codons 8 and 11 of the core-encoding
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region (Basu et al., 2004). However, it has now been demonstrated that internal AUG-
mediated initiation of translation at codons 85 and 87 of the core+1 encoding region
yields a smaller F protein known as core+1/S (Vassilaki et al., 2008a, Vassilaki et al.,
2008c, Wolf et al., 2008). To date it has not been excluded that multiple versions of the
F protein generated by differing cellular translation events exist during infection.

UTR UTR
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Figure 1.8. Organisation of the HCV genome. Translation is mediated by an internal ribosomal
entry site (IRES) and yields the polyprotein from ORF1, as well as the F protein which is produced
from an overlapping, core-encoding overlapping reading frame. HCV does not possess a polyA tail,
but a stretch of 98 nucleotides known as the X tail, which comparable to the polyA tail also plays a
role in viral translation (Ito et al., 1998). Structural ORF1 products include the core (C) and two
envelope proteins (E1 and E2). Non-structural proteins include the P7 ion channel, NS2 is a
component of the NS2/3 protease, NS3 has N-terminal protease and C-terminal helicase/NTPase
activity, NS4A is a co-factor of NS3 protease, NS4B induces membrane alterations, NS5A is
phosphoprotein and NS5B is RNA dependent RNA polymerase (Dubuisson, 2007).

Although the function of the F protein is currently unknown, it is likely that the F
protein is an accessory virulence factor. Expression of the F protein in vitro has been
shown to induce cytokines involved in hepatic injuries (Fiorucci et al., 2007). Both
full-length and core+1/S versions of the F protein are cytoplasmic proteins which
associate with the endoplasmic reticulum (ER) in resting cells (Vassilaki et al., 2007),
but associate with the mitotic spindle and microtubules in dividing cells (Vassilaki et
al., 2007). Both versions of the F protein are highly basic, are very unstable and are
rapidly degraded by the proteasome (Roussel et al., 2003, Vassilaki et al., 2007, Xu et
al., 2003). The F protein directly interacts with the proteasome subunit a3 and is
rapidly degraded in a ubiquitin-independent manner, which has led to the suggestion
that the F protein regulates protein degradation in infected cells (Yuksek et al., 2009).
Regulation of F protein expression by the core protein has also been recorded and
could prevent accumulation of the F protein (Vassilaki et al., 2007, Vassilaki &
Mavromara, 2003). Consistent with these data is the observation that the F protein
interacts with prefoldin 2, a member of a chaperone complex which plays a role in
stabilising cytoskeletal proteins such as actin and tubulin prior to folding (Tsao et al.,
2006). An interaction between the F protein and prefoldin 2 perturbs cytoskeletal
organisation, even though an intact cytoskeleton is required for virus replication.
Hence it has been proposed that by blocking intact microtubule and actin
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polymerisation, the F protein limits virus replication, thus promoting a persistent
infection, which indeed is common for HCV (Tsao et al., 2006). Other studies suggest
a role of the F protein in the development of hepatocellular carcinoma, as F protein
expression in cells is associated with up-regulation of the oncogene c-myc and down-
regulation of antioncogenic p53 (Ma et al., 2008, Wu et al., 2007). Recently,
antiapoptotic activity of the F protein has also been described with expression of the F
protein leading to overexpression of nuclear factor kappa B (NF-kB) signalling
pathway, thus preventing TNF mediated apoptosis (Shao et al., 2009). However, as the
various HCV proteins have been attributed pro- as well as antiapoptotic functions
(Kang et al., 2009, Lee et al., 2005, Lee et al., 2007), the consequence of any apoptotic
activity of the F protein in the context of infection is unclear. In conclusion, despite
numerous efforts relatively little is known about the HCV F protein(s), and it is hoped
that future research may yield interesting results into the expression and function of

this highly disputed reading frame.

1.2.1.3 Theiler’s murine encephalitis virus (TMEV)

Theiler’s murine encephalitis virus (TMEV) or Theiler’s virus is a cardiovirus within
the Picornaviridae (Kong & Roos, 1991, van Eyll & Michiels, 2002). Different strains
of TMEV are associated with different pathologies in infected weanling mice. Whereas
the GDVII subgroup family members are associated with an acute fatal neuronal
infection, members of the TO subgroup are first associated with a subclinical infection
which is then followed by persistent demyelinating disease (Ghadge et al., 1998). The
DA strain has been shown to persist in glial cells and microglia for the lifespan of the
mouse (Aubert et al., 1987, Cash et al., 1986). Due to similarities in CNS pathology
seen between persistent TMEYV strains and multiple sclerosis, TMEV acts as a model
for immune mediated demyelinating disease (Drescher & Sosnowska, 2008, Stavrou et
al., 2010).

The genome of TMEV is a positive-sense single-stranded RNA genome of
approximately 7 kb. IRES dependent translation yields a polyprotein which is
predominantly cleaved by the viral 3C-like protease (figure 1.9) (Kong & Roos, 1991,
van Eyll & Michiels, 2002). The TO subgroup of TMEV which includes the DA strain
contain a further overlapping ORF situated 13 nucleotides downstream of the
polyprotein ORF and encoding the highly conserved 18 kDa L* protein (Kong &
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Roos, 1991, Stavrou et al., 2010). Translation of L* is thought to occur through leaky
scanning of the ribosome (van Eyll & Michiels, 2002).
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Figure 1.9. Genome organisation of TMEV. Translation of the TMEV genome is IRES-mediated.
The first open reading frame encodes a polyprotein which contains the same protein layout and
function as all members of the Picornaviridae (Whitton et al., 2005). Translation of the L* protein in
an overlapping reading frame is thought to occur though leaky scanning and the protein is unique to
TMEV. The leader (L) protein inhibits interferon production (van Pesch et al., 2001) and interferes
with nucleocytoplasmic trafficking (Delhaye et al., 2004), whereas VP1-4 represent the viral
structural proteins. Non-structural proteins include 2A, which plays a role in host cell protein
shutoff; 2B inhibits cellular secretory pathways and induces increased membrane permeability, 2C
acts as an NTPase and functions in vesicle formation. 3A inhibits intracellular transport (including
MHC expression), 3B is viral protein genome linked (VPg), which in contrast to caliciviruses is only
required for genome replication, 3C is the viral protease which also cleaves host factors and the C-
terminal protein 3D is the viral RNA-dependent RNA polymerase (Whitton et al., 2005).

In vitro L* has been shown to prevent premature shutoff of host cell protein synthesis
and has antiapoptotic activity (Ghadge et al., 1998, Himeda et al., 2005). In infected
cells L* associates with microtubules (Obuchi et al., 2001). Overall, it is thought that
the L* protein contributes to viral persistence and demyelination by delaying the onset
of apoptosis caused by TMEV infection of certain cell types (Ghadge et al., 1998,
Obuchi & Ohara, 1999). However, the precise molecular function of the L* protein

remains to be investigated to date.

1.2.2 Negative-strand RNA viruses

Like positive-strand RNA viruses, there are many examples of negative-sense RNA
viruses which encode proteins from overlapping open reading frames. In contrast to
positive-strand RNA viruses however, theses viruses must utilise the activity of the
viral polymerase protein contained within the viral particle in order to convert their

genome into positive-sense RNA which can be translated.

1.2.2.1 Influenza A virus

Influenza A virus is an extremely common and antigenically versatile respiratory virus
belonging to the Orthomyxoviridae, which has the ability to cause seasonal epidemics
as well as pandemics (review by Coleman, 2007). Some of the reasons for influenza’s

success as a pathogen is the fact that the high error prone polymerase of this virus
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ensures successful antigenic drift, which is responsible for seasonal epidemics
(Coleman, 2007). Due to the segmented nature of the negative-strand viral genome and
the variety of permissive species, influenza also undergoes antigenic shift, which
results in pandemics. Pandemics arise because the entire global population is
susceptible to infection due to the lack of any pre-existing protective immunity. In
terms of human deaths, the most devastating pandemic occurred in 1918/19, when it is
estimated that between 20 and 50 million people died globally as a consequence of
infection (Lamb & Takeda, 2001). Recently, there are concerns that a novel influenza
A virus (subtype H1N1) derived from pigs will be responsible for the next global
pandemic (Chang et al., 2009). The primary cause of death from influenza A is in fact
due to secondary bacterial infection, and recent evidence suggests that an overlapping
reading frame protein called PB1-F2 which is encoded by some influenza virus strains
may be involved in viral virulence. Evidence from avian influenza isolates suggests
that in birds the PB1-F2 transcript is under extremely high selective pressure for
nonsynonymous substitutions and PB1-F2 was highly conserved amongst the studied
strains (Obenauer et al., 2006).

The PB1-F2 protein is 87 amino acids in size and is encoded on the polymerase gene
PB1 in a +1 frame located 120 bases downstream of the PB1 initiation site (Chen et al.,
2001). AUG-dependent translation of PB1-F2 is thought to occur through ribosomal
scanning of the capped PB1 mRNA transcript (figure 1.10) (Chen et al., 2001), which
like all influenza virus MRNAs is produced in the nucleus and enters the cytoplasm for
translation. Very recent reports also suggest that an N-terminal truncated version of the
PB1 gene (termed N40) is also produced through ribosomal scanning (figure 1.10)
(Wise et al., 2009).

Although PB1-F2 is not required for replication in tissue culture, the protein is an
accessory factor with is required for increased virulence and mortality in mice
(Zamarin et al., 2006). The short-lived PB1-F2 protein has proapoptotic activity and
targets the mitochondria via a C-terminal mitochondrial targeting sequence (MTS)
(Chen et al., 2001, Gibbs et al., 2003, Yamada et al., 2004). Phosphorylation of PB1-
F2 is required for apoptotic activity (Mitzner et al., 2009). Oligomerisation and
membrane insertion properties are thought to be responsible for pore formation in the
mitochondrial membrane, through which apoptotic signalling molecules such as
cytochrome c are released (Bruns et al., 2007). PB1-F2 can also induce apoptosis in

macrophages when expressed extracellularly, which is likely due to pore-forming
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activity in the cellular membrane (Lamb & Takeda, 2001). Similarly, an interaction
between PB1-F2 and the mitochondrial proteins VDAC1 (voltage-dependent anion
channel 1) and ANT3 (adenine nucleotide translocator 3) has been demonstrated
(Danishuddin et al., 2010, Zamarin et al., 2005). ANT3 is an inner mitochondrial
membrane protein, whereas VDACL is an outer mitochondrial membrane protein. Both
ANT3 and VDACL1 play a role in mitochondrial membrane permeabilisation during the
process of apoptosis. The importance of apoptosis induction during the replication of
influenza virus is demonstrated by reduced viral replication in cell lines expressing

antiapoptotic Bcl-2 family proteins (Olsen et al., 1996).
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Figure 1.10. Layout of an mRNA transcript of the influenza virus PB1 segment. The
polymerase PB1 and a newly identified truncated version (N40) are encoded by one reading frame
(RF), whereas the accessory virulence factor PB1-F2 is encoded by an overlapping reading frame in
a +1 frame. Translation of PB1-F2 and N40 is thought to occur through ribosomal scanning.

To date, the precise involvement of PB1-F2 in viral virulence remains unclear. On the
one hand, knocking out PB1-F2 expression attenuated the virus’s ability to induce
apoptosis in immune cells (Chen et al., 2001). There is also evidence to suggest that
PB1-F2 deliberately targets alveolar macrophages and CD8 T-cells for degradation,
thus delaying the immune response to infection (Conenello & Palese, 2007, Zamarin et
al., 2005). In epithelial cells on the other hand, PB1-F2 knockout viruses did not differ
significantly in the ability of influenza to induce apoptosis (Chen et al., 2001). In
infected mice, the knockout virus did not show reduced viral titres, but more rapid
viral clearance was observed in comparison to wild-type virus, indicating that PB1-F2
is involved in a delayed immune response (Zamarin et al., 2006). Interestingly, PB1-F2
probably played a key role in the virulence of the pandemic 1918 virus and mice
infected with a laboratory strain of influenza containing the 1918 PB1-F2 gene (with

an unaltered PB1 sequence) exhibited severe lung pathology and an increase in
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secondary bacterial pneumonia (McAuley et al., 2007). It is thought that increased
secondary bacterial infection is caused by the ability of PB1-F2 to cause immune cell
infiltration into the lungs, which could even be observed after intranasal inoculation of
mice with the C-terminal fragment of PB1-F2 (McAuley et al., 2007). However, a
direct link between apoptosis induction by PB1-F2 in vitro and viral virulence remains
to be established.

Interestingly, recent evidence suggests that the novel HIN1 strain does not produce
full-length PB1-F2, but an 11 amino acid truncated form of the protein which lacks the
C-terminal domain required for mitochondrial targeting and apoptosis induction
(Ramakrishnan et al., 2009, Trifonov & Rabadan, 2009). It is speculated that this
truncation may be a reason for the reduced virulence of this virus in comparisons to
other pandemic strains (Ramakrishnan et al., 2009, Trifonov & Rabadan, 2009).
Consequently there is great emphasis on understanding the precise role of PB1-F2 in
influenza virus virulence, especially as current concerns are that the novel H1N1 strain
may gain a functional PB1-F2 gene by acquiring a PB1 segment from avian origin or
from the seasonal H3N2 strains which also contain a functional PB1-F2 gene (Zell et
al., 2007). The recent identification of the N40 truncated version of the PB1 gene
produced through internal initiation also means that future investigations into PB1-F2
must take this newly identified gene into account. As yet, the function of N40 remains
to be characterised, but preliminary evidence suggests that expression of all three
genes encoded on the PB1 segment is affected by the expression levels of other
proteins (Wise et al., 2009). Consequently, elucidating the precise function of PB1-F2
as an additional virulence factor may prove to be a difficult task.

1.2.2.2 Borna disease virus (BDV)

Borna disease virus (BDV) is an enveloped neurotropic virus belonging to the
Mononegavirales, which posses an approximately 9.9 kb non-segmented negative-
sense RNA genome. BDV most commonly affects horses and sheep although natural
infection has been reported in a wide range of species (review by Jordan & Lipkin).
BDV infection causes immune-mediated meningoencephalitis, and infection in
humans may be linked to neuropsychiatric disorders (Jordan & Lipkin, 2001). In spite
of continuous virus gene expression, BDV causes persistent infections in tissue culture
as well as in vivo, and a number of species can be infected experimentally (Jordan &
Lipkin, 2001).
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Comparable to influenza virus and unique to non-segmented negative-strand RNA
viruses, BDV replicates in the cell nucleus. Different capped and polyadenylated
MRNAs are expressed from three different transcription units by alternative
transcriptional termination and alternative splicing (Jordan & Lipkin, 2001). Six ORFs
are expressed from 3 transcription units, with the second transcription unit encoding
the phosphoprotein (P), as well as the X-protein from overlapping ORFs (figure 1.11).
Recently an upstream ORF (UORF) has also been identified on this mRNA, and the
stop codon overlaps the X-protein initiation site by 1 nucleotide (Watanabe et al.,
2009). To date, the putative 8 amino acid peptide encoded by this ORF remains to be
detected in infected cells, and it is possible that uUORF plays a role in translational
regulation from the mRNA (Watanabe et al., 2009). The X-protein is expressed
upstream of the P protein in a +1 frame. Regulation of translation from this
polycistronic mRNA is thought to occur though a unique, previously unknown
mechanism, whereby the RNA helicase DDX21 which binds to the 5’UTR is regulated
(potentially by phosphorylation) by the P protein (Watanabe et al., 2009).
Phosphorylated DDX21 detaches from the 5 UTR, which results in an increase in
termination-coupled re-initiation of translation from the uORF4 into the X ORF
(Watanabe et al., 2009).

—p s1 —p S2 —p s3
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Figure 1.11. BDV genome organisation and transcriptional cleavage map showing
transcriptional start (S) and termination sites (T). The nucleoprotein (N) is transcribed from the
first mRNA, the X protein and phosphoprotein (P) are produced from the second mRNA in
overlapping reading frames, whilst it is not known whether the small upstream UORF (u) actually
expresses a peptide. The matrix protein (M), envelope glycoprotein (G) and polymerase protein (L)
are produced from the third mRNA transcript. Alternative termination sites and alternative splicing
produces variants of several gene products. Figure adapted from a review (Schneider, 2005).

Copious amounts of the non-structural X protein can be detected in infected cells and
tissues, and although the protein does not associate with viral particles, the X protein is
essential for virus viability and rescue from cDNA (Poenisch et al., 2007, Schwardt et
al., 2005). The X protein plays a crucial role in regulating levels of the P protein which
together with the nucleoprotein and polymerase form the polymerase complex
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(Poenisch et al., 2008, Schwemmle et al., 1998). Protein X is predicted to act as a
regulator of BDV gene expression by sequestering excessive amounts of P, as the P
protein has a negative effect on polymerase activity (Poenisch et al., 2008, Schneider
et al., 2003). The X protein directly interacts with P, a co-factor of the RNA-dependent
RNA polymerase via the amino terminus, which also contains a potential nuclear
export signal (Jordan & Lipkin, 2001). Because of this export signal it has been
suggested that the X-protein is involved in nucleocytoplasmic shuttling during BDV
replication. Indeed, the P protein efficiently localise to the cytoplasm of infected cells
in the presence of the X protein (Kobayashi et al., 2003).

In terms of localisation, the X protein can be detected in both the cytoplasm and the
nucleus. Interestingly, recent evidence suggests that the 87 amino acid X protein also
localises to the mitochondria and has antiapoptotic activity (Poenisch et al., 2009a).
This study showed that the X protein is required for viral persistence, as in vivo
inoculation with BDV expressing a mutant form of the X protein lacking the
mitochondrial localisation sequence caused acute but not persistent infections
(Poenisch et al., 2009a). Examination of the brains of these acutely infected animals
revealed a high number of apoptotic cells, suggesting antiapoptotic activity of the X-
protein is directly linked to viral persistence (Poenisch et al., 2009a). Indeed, further
studies to precisely identify the mode of action of the X protein are currently ongoing
and this alternative function of the X protein is the first reported case of a
mitochondrial localised protein of an RNA virus which has significant antiapoptotic

activity (Poenisch et al., 2009a).

1.2.3 Further examples of overlapping reading frames

The list of presented overlapping reading frame proteins is not exhaustive and many
other examples exist. In positive- strand RNA viruses, for example in toroviruses,
which infect livestock and are members of the Coronaviridea, bioinformatic analysis
has recently identified a highly conserved overlapping reading frame, although
expression and function are currently unknown (Firth & Atkins, 2009). Members of
the Potyviridae which contain more than 30% of known plant viruses also contain an
overlapping reading frame in a +2 frame, the expression of which is essential for virus
viability (Chung et al., 2008). Other plant viruses with an overlapping reading frame
are waikaiviruses, which belong to the Picornavirales order (Firth & Atkins, 2008a).
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In non-segmented negative-sense  RNA  viruses, many members of the
Paramyxovirinae (for example measles virus, rinderpest virus and mumps virus), some
vesiculoviruses (for example vesicular stomatitis virus) and some rhabodoviruses (for
example Tupai virus, which infects tree shrews) posses an overlapping reading frame
in the phosphoprotein gene (Liston & Briedis, 1995, Spiropoulou & Nichol, 1993,
Springfeld et al., 2005). These accessory proteins are thought to interfere with
interferon signalling (Gotoh et al., 2001).

Although examples from positive or negative-sense RNA viruses were chosen due to
the relatedness to MNV or because the discussed proteins are relevant to findings
related to the ORF4 protein, it is important to remember that overlapping reading
frame products are not just encoded in positive or negative-sense RNA viruses.
Members of the Reoviridae, which are segmented double-stranded RNA viruses also
have examples of overlapping ORFs which are translated via leaky scanning (Firth &
Atkins, 2008b). Examples include translation of genome segments of cypoviruses,
which are insect viruses (Firth & Atkins, 2008b), phytoreoviruses, which are plant and
insect replication competent viruses (Suzuki et al., 1996), as well as human reovirus
(Ernst & Shatkin, 1985). In human reoviruses, the S1 gene segment encodes the large
structural virion surface protein 61, thought to play a role in viral attachment, whereas
the overlapping reading frame protein c1s is an accessory virulence factor (Hoyt et al.,
2005). o1s has been shown to be a proapoptotic protein which localises to the nucleus
and plays a role in viral induced apoptosis (Hoyt et al., 2004, Hoyt et al., 2005). In
tissue culture ols is a dispensable protein, with mutant viruses not affected in
replication ability but in ability to induce apoptosis (Hoyt et al., 2005). Similarly, the
related orbiviruses are also predicted to contain an overlapping overlapping reading
within the helicase encoding region (Firth, 2008). Orbiviruses include a number of
viruses which infect livestock, for example Bluetongue virus and African horse
sickness virus. Retroviruses also contain a number of overlapping reading frames,
products of which contribute to virulence and immunogenicity (Gaur & Green, 2005,
Yewdell & Hickman, 2007).

Although less common, alternative translation has also been described for DNA
viruses with examples ranging from papillomaviruses (Narechania et al., 2005) to
bacteriophages (Rodriguez et al., 2005). In hepatitis B virus, a DNA virus which
replicates via an RNA intermediate, mutations which favour the production of
alternative reading frame products are thought to play a role in viral virulence,
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especially in the advanced stages of disease (Faure, 2006). To date, extensive studies
on the expression of these overlapping reading frame products remains to be
investigated.

Importantly, translation of overlapping reading frames is not just limited to viruses and
examples of alternative gene products have also been documented in bacteria (Higashi
et al., 2006), as well as in eukaryotes (Manktelow et al., 2005, Matsufuji et al., 1995,
Saulquin et al., 2002, Shigemoto et al., 2001). It is highly likely that with the
increasing understanding and identification of viral overlapping reading frames, further
examples of eukaryotic overlapping reading frame proteins will be identified in the
future. Especially the increased use of bioinformatics should aid the identification of
“hidden genes”. Overall, it is thought that understanding the nature of these reading
frames as well as methods of translation are likely to aid in understanding not just viral
infections but also human diseases such as cancer and autoimmune diseases,
conditions in which expression of overlapping reading frame proteins are suspected to
play a role (Ho & Green, 2006).

1.3 Project aims

The objective of this project was to determine the role (if any) that ORF4 plays in the

MNV life cycle. Individual project aims included to:

1) Determine if the ORF4 protein is expressed during virus infection

2) Examine if ORF4 expression is required for virus replication in tissue culture
3) Investigate the role of ORF4 in MNV virulence

4) Identify host cell factors which interact with the ORF4 protein

5) Examine cellular location of the ORF4 protein

6) Characterise the function of the ORF4 protein
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2.1 Bioinformatics tools

Vector NTI from Invitrogen was used to generate vector maps (depicted in Appendix
1) of MNV cDNA clones and expression plasmids. These were then used in
subsequent analysis, for example for identification of restriction sites, designing PCR
primers and analysis of sequencing reactions submitted to the MRC sequencing
Service at Imperial College London. Alignments of MNV sequences were performed
with ClustalW online software (www.ebi.ac.uk/Tools/clustalw/index.ht ml) and Vector
NTI using sequences found in GenBank (www.ncbi.nlm.nih.gov/Genbank/index.ht
ml). A list of MNV sequences analysed can be seen in table 2.1. Analysis of SSSV and
calculation of MFED values was carried out by Prof Peter Simmonds as described
(Simmonds et al., 2008).

Genbank accession numbers

AB435514 '[EU004655 EU004662 EU004671 EU004678
AB435515 'EU004654 EU004664 EU004672 EU004679
AY?228235 EU004657 [ EU004665 EU004673 EU004681
DQ911368 EU004658 EU004667 EU004674 EU004682
EF531290 EU004659 EU004668 EU004675 FJ446719
EF531291 EU004660 EU004669 EU004676 FJ446720
EU004656 EU004661 EU004670 EU004677

Table 2.1 Genbank accession numbers of sequenced full-length MNV cDNA.
Accession numbers used to generate an amino acid alignment of all putative ORF4 proteins
using the bioinformatic programme vector new technology informax (VNTI) from
Invitrogen.

For identifying the ORF4 polyproline motifs, the ORF4 sequence was analysed by
SH3 Hunter (http://cbm.bio.uniroma2.it/SH3-Hunter), a web server designed to
recognise polyproline motifs which are putative SH3 domain interaction sites of
proteins. Predicted protein characteristics such as hydrophobicity, molecular weight
and charge were analysed using the online software found at
http://www.athina.biol.uoa.gr and http://www.scripps.edu, as well as using Vector NTI
from Invitrogen. Secondary structure predictions were performed with PSIPRED
(Bryson et al., 2005), which give graphical representations as well as confidence
prediction scores of predicted helical, coil, and strand regions. Membrane topology
prediction was analysed using MEMSAT3 (Jones et al., 1994). Predicted subcellular
localisation was investigated using the prediction algorithm LOCtree (Nair & Rost,
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2005) and mitochondrial localisation was analysed using MitoProt (Claros & Vincens,
1996), PSORT Il (Nakai & Horton, 1999, Nakai & Kanehisa, 1992) and MuliLoc
(Hoglund et al., 2006) and CELLOV2.5 (Yu et al., 2006). The biochemically
determined RNA structure of the 5° end of the MNV subgenomic RNA was supplied
by Dr Surender Vashist. Thermodynamic structure prediction of the ORF4 sequence
was also carried out using mfold (frontend.bioinfo.rpi.edu/applications/mfold/cgi-
bin/RNA-forml.cgi) (Zuker, 2003). Densitometry analysis to compare protein
expression levels in western blots was performed using ImageJ software obtainable

from http://rsbweb.nih.gov/ij/download.html.

2.2 Plasmid construction

A list of all primers containing the relevant restriction sites used for plasmid
generation can be found in table 2.2. For overview purposes, maps of these plasmids
can be found within Appendix 1. The ORF4 expression plasmid pcDNA-ORF4 was
generated by cloning the PCR amplified ORF4 encoding sequence into the expression
plasmid pcDNA3.1+ which contains a cytomegalovirus (CMV) and T7 polymerase
promoter. For the production of full-length ORF4 protein, VPg and peptide 3 and 4
fragments of the ORF4 protein fused to the Cherry tag, these PCR amplified fragments
were cloned into the Cherry- his encoding pSCherry 2 (Eurogentech). Green
fluorescent protein (GFP) fusions of the ORF4 protein were generated by cloning PCR
fragments of both MNV ORF4 and the SV ORF4E encoding sequence into the GFP
plasmids pEGFP-N1 and pEGFP-C1 (Clontech). Both C-terminal (ORF4-GFP and
ORF4E-GFP) and N-terminal (GFP-ORF4 and GFP-ORF4E) GFP fusion expression
constructs were generated. Using PCR mutagenesis (primers listed in table 2.2), C-
terminal-GFP plasmids expressing N-terminal truncations of the MNV ORF4 protein
were generated. Truncations include A 1-19 ORF4-GFP, A 1-56 ORF4-GFP and A 1-
123 ORF4-GFP.

Full-length infectious MNV-1 clones (pT7MNV3’Rz) encoding ORF4 mutations were
generated by PCR mutagenesis (primers listed in table 2.2) which placed the stop
codon TAG at previously identified positions within ORF4 without disrupting the
amino acid coding sequence of the capsid. The ORF4 knockout virus M1 contains a
stop codon through mutation of T to A at genome position 5118 and hence translation
terminates after 17 amino acids. The ORF4 truncated virus M10 contains a T to A
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mutation at genome position 5364 terminating translation after 99 amino acids, and the
truncated M20 contains a G to A mutation at genome position 5655 terminating
translation after 196 amino acids. Using pT7TMNV3’Rz as a template, the first round of
PCRs was used to generate two products for each mutant to be generated. One product
was made by using the respective mutant forward primer in combination with the
MNYV reverse sequencing primer 6034R, whilst the other used the MNV sequencing
forward primer 4450F in combination with the ORF4 mutant reverse primer. The
products were gel purified to remove any template and equal amounts were combined
in a second PCR reaction using the primers 4450F and 6034R. The resulting 1.6kb
fragment was subsequently cloned into pT7MNV3’Rz using the naturally occurring
restriction sites Afel and Sacll.

For proteomic identification of proteins which interact with the ORF4 protein, ORF4
was cloned into the CdCl, inducible N-terminal tandem affinity purification (TAP)
Tag expression vector pMEP4 generated by Dr Dalan Bailey. MNV ORF4 was also
cloned into the tetracycline inducible TAP expression plasmids pcDNA4/TO-NTAP
and pcDNA4/TO-CTAP.
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Expression primers

Oligo name | Oligo sequence | Polarity| Description
Primers for cloning into the expression plasmid pcDNA3.1+
IGIC38 CCCCAAGCTTGCCACCATGGCGCAGCGCCAAAAGCC 5 MNV-1 ORF4 into pcDNA3.1+, Hindlll site and Kozak
IGIC39 ATAAGAATGCGGCCGCTTAGGTAGACAAAATTGAAATCAGC 3 MNV-1 ORF4 into pcDNA3.1+, Notl site
Primers for cloning into pSCherry2
IGIC172  GGGAATTCCATATGGGAAAGAAGGGCAAGAAC 5 MNV-1 VPg into pSCherry2, EcoRl site
IGIC173  ATAGTTTATGCGGCCGCCTCAAAGTTGATCTTCTCGCC 3 MNV-1 VPg into pSCherry2, Notl site
IGIC174 GGGAATTCCATATGGCGCAGCGCCAAAAG 5' full-length MNV-1 ORF4 into pSCherry2, EcoRlI site
IGIC175 ATAGTTTATGCGGCCGCGGTAGACAAAATTGAAATCAG 3 full-length MNV-1 ORF4 into pSCherry2, Not | site
IGIC176 GGGAATTCCATATGCCGGGCAAATTAACCAAATT 5 MNV-1 ORF4 peptide 3 into pSCherry2 , EcoRlI site
IGIC177  ATAGTTTATGCGGCCGCTGTTTCGAGGCGAGATGGAAAACTCAC 3 MNV-1 ORF4 peptide 3 into pSCherry2, Notl site
IGIC178 GGGAATTCCATATGCTCGAAACACCCCAGGTGAAATACT 5 MNV-1 ORF4 peptide 4 into pSCherry2 , EcoRlI site
IGIC179 ATAGTTTATGCGGCCGCGGTGGGCAAGGTAGGGGTTAAGCC 3 MNV-1 ORF4 peptide 4 into pSCherry2, Notl site
Primers for cloning MNV and SV ORF4E into GFP expression plasmids pEGFPN1 and pEGFPC1
IGIC 214 GGGAATTCGTCGACATGGCGCAGCGCCAAAAG 5 MNV-1 ORF4 into PEGFP-C1, Sall site
IGIC 215 GCATTCCCGGATCCTTAGGTAGACAAAATTGAAAT 3 MNV-1 ORF4 into pEGFP-C1, BamHI site
IGIC 216 GGGAATTCGTCGACGCCACCATGGCGCAGCGCCAAAAG 5 MNV-1 ORF4 into pEGFP-N1, Sall site and Kozak
IGIC 217 GCATTCCCGGATCCCGGCCGGTAGACAAAATTGAAAT 3 MNV-1 ORF4 into pEGFP-N1, BamHI site and +2 frameshift
IGIC 443 GGGAATTCGTCGACATGGCTCCAACCCAGAGCC 5 SV ORF4E into pEGFP-C1, Sall site
IGIC 444 GAATTCCCGGATCCTCATGAAAGAAACTGGCTCAG 3 SV ORF4E into pEGFP-C1, BamHI site
IGIC 445 GGGAATTCGTCGACGCCACCATGGCTCCAACCCAGAGCC 5 SV ORF4E into pEGFP-N1, Sall site and Kozak
IGIC 446 GAATTCCCGGATCCCGTGAAAGAAACTGGCTCAG 3 SV ORF4E into pEGFP-N1, BamH]I site and +2 frameshift
IGIC 476 GGGAAGTCGACGCCACCATGTACCACCCTATTTTCCCAAG 5 MNV-1 ORF4 N-terminal A1-123 into pEGFP-N1, Sall site and Kozak
IGIC 475 GGGAAGTCGACGCCACCATGTCCAGTGCCCCCTTGGTG 5 MNV-1 ORF4 N-terminal A1-56 into pEGFP-N1, Sall site and Kozak
IGIC 474 GGGAAGTCGACGCCACCATGCTGCCGCCGTTGAACAGG 5 MNV-1 ORF4 N-terminal A1-19 into pEGFP-N1, Sall site and Kozak
Primers for cloning MNV ORF4 into TAP Tagging plasmids
IGIC 125 TTTAAACGTACGGTGATGGCGCAGCGCCAAAAGCCAATGGCTCTG 5 MNV-1 ORF4 into pMEP4 N-terminal TAP Tag, BsiWI site
IGIC 126 TTTAAAGCGATCGCTTATTAGGTAGACAAAATTGAAATCAGCCGCCGGC 3 MNV-1 ORF4 into pMEP4 N-terminal TAP Tag, Sgfl site
IGIC 385 AAAATCGATACCATGGTGATGGCGCAGCGCCAAA 5 MNV-1 ORF4 into pcDNA4/TO C-Terminal TAP tag, Clal site
IGIC 394 TTTCGTACGGGTAGACAAAATTGAAATCAGC 3 MNV-1 ORF4 into pcDNA4/TO C-Terminal TAP tag , BsiWI site
IGIC 432 GCGAGCCTATAGATGAAAATCTGTACTTCCAGGGGATAGATGAGAACCTG 5 Primer to remove two Clal sites in pcDNA4/TO-CTAP
IGIC 433 CAGGTTCTCATCTATCCCCTGGAAGTACAGATTTTCATCTATAGGCTCGC 3 Primer to remove two Clal sites in pcDNA4/TO-CTAP
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Oligo name

IGIC61
IGIC62
IGIC63
IGIC64
IGIC65
IGIC66

Oligo name
IGIC 464
IGIC 465

Oligo name
3734F
4450F
5052F
4450R
4839R
5332R
5722R
6034R
IGIC463
IGIC462

Mutagenic primers

Oligo sequence Polarity ~ Description
Primers for generating MNV-1 ORF4 mutants
CCAGCGGCCAGGATCTAGTTCCTGCCGCCGTTG 5 MNV-1 ORF4 M1 CTT -> CTA (L) (TAG into ORF4) position 5118

CAACGGCGGCAGGAACTAGATCCTGGCCGCTGG
CCATGTACACCGGCTGGGTAGGGAACATGGAGGTTC
GAACCTCCATGTTCCCTACCCAGCCGGTGTACATGG
GTGATGAGTCTTTTGTAGTCTCTGGCCGCCTTC
GAAGGCGGCCAGAGACTACAAAAGACTCATCAC

MNV-1 ORF4 M1 CTT ->CTA (L) (TAG into ORF4) position 5118

MNV-1 ORF4 M10 GTT -> GTA (V) (TAG into ORF4) position 5364
MNV-1 ORF4 M10 GTT -> GTA (V) (TAG into ORF4) position 5364
MNV-1 ORF4 M20 GTG -> GTA (V) (TAG into ORF4) position 5655
MNV-1 ORF4 M20 GTG -> GTA (V) (TAG into ORF4) position 5655

WO woaw

gPCR primers

Oligo sequence Polarity ~ Description
CAAACATCTTTCCCTTGTTC 5' Forward qRT-PCR primer for MNV-1 genomic RNA
TGGACAACGTGGTGAAGGAT 3 Reverse qRT-PCR primer for MNV-1 genomic RNA
Sequencing primers
Oligo sequence Polarity ~ Description
GCGAGATCAGCTTAAGCCCTATTCAGAACCACGCG 5' MNV-1 sequencing primer

GCCCTTGCACCACACAGCTGAATAGTTTGG
GTGAATGAGGATGAGTGATGGCGCAGCGCCAAAAGCCAATGGC
CCAAACTATTCAGCTGTGTGGTGCAAGGGC
GCAGGGCCATTAGTTGGGAGGGTCTCTGAGCATGTCC
GTTCCCAACCCAGCCGGTGTACATGGCTGAGAGGTGGGC
CACGGGCAAGTCGACCATCCGGTAGATGGTTCTCTC
GGACCTCGATCTCCAGTTGCCCAGAGAAATCGGGGTAACC
CCCGATGGTCGTTGACCCGCCTGGCACAAC
GGAAGGAGCTGACTGGGTTG

MNV-1 sequencing primer

MNV-1 sequencing primer

MNV-1 sequencing primer

MNV-1 sequencing primer

MNV-1 sequencing primer

MNV-1 sequencing primer

MNV-1 sequencing primer

Internal SV ORF4E sequencing primer

Internal N-terminal TAP tag sequencing primer

U1 01 @ W W wwoa

Table 2.2. Lists of various primers used during the course of this work. For MNV sequencing primers the number in the oligo name reflects the genome position

in the full-length MNV-1 clone pT7MNV3’Rz’ from which the oligo sequences, with F depicting a forward sequencing primer (5’ to 3”) and R depicting a reverse

sequencing primer (3’ to 5’). The sequences of all primers are depicted in 5’ to 3’ direction. Polarity indicates whether the primer was used as a forward (5”) or

reverse (3°) primer.
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2.3 Bacterial stocks, transformations and medium scale
plasmid preparations

The bacterial strains used for transformation were E. coli DHSa and NEB Turbo (New
England Biolabs). Transformations were carried out according to the manufacturer’s
instructions. Plasmid preparations were carried out using the Pureyield Plasmid
Midiprep System (Promega) according to the manufacturer’s protocol. The purity and
concentration of the plasmid DNA was determined by spectrophotometry.

2.4 Polymerase chain reaction (PCR) and primers

For PCR amplifications an Eppendorf thermal cycler was used and Go Taq Flexi
Polymerase (Promega) or KOD Hot Start Polymerase (Novagen) was used according
to the manufacturer’s protocol. KOD polymerase was preferentially used for PCR
mutagenesis as the high fidelity polymerase is extremely accurate and (unlike most
commercially available DNA polymerases) exhibits 3"—35 exonuclease-dependent
proofreading activity, thus resulting in a low PCR mutation frequency. A list of
primers used during the course of this work can be seen in table 2.2. All PCR products
were purified with GFX PCR DNA and Gel Band Purification Kit (GE Healthcare).

2.4.1 PCR mutagenesis and cloning

Using KOD polymerase, 50 pl PCR reactions were prepared using 100 ng template
DNA, 1 pl forward primer (10 pmol / pl stock), 1 pl reverse primer (10 pmol / pl
stock), 1 ul KOD polymerase, 25 pul KOD Hot start Mastermix (provided by Novagen,
consisting of dNTPs, buffer, MgCl,) and ddH,0 to 50 pl. Reactions were placed on a
PCR block and were incubated at 95°C for 2 min in order to activate the hot start
polymerase. PCR amplification was subsequently performed for 25 cycles which
consisted of a denaturation step at 95°C for 20 s, annealing step at 50°C for 10 s and
extension at 72°C for 15 s/kb to be amplified. Reactions were subsequently placed at
4°C followed by storage at -20°C until further use. A list of the primers used for PCR
mutagenesis can be seen in table 2.2.
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2.4.2 PCR to determine the sequences of plasmid constructs and
recombinant viruses

In order to determine and verify the sequences of plasmid constructs as well as the
generated cDNA sequences of recombinant viruses, Go Taq Flexi Polymerase®
(Promega) reactions were prepared according to the manufacturer’s protocol. Briefly,
reactions were prepared consisting of 100 ng input DNA, 5 pl GoTaq® Flexi buffer (5
x stock), 1 pl dNTPs (10 mM stock), 1 pl forward primer (10 pmol / ul stock), 1 pl
reverse primer (10 pmol / pl stock), 2.5 pl MgCl, (25mM stock) and 0.1 pl GoTaq
polymerase®. The volume was then made up to 25 pl using ddH,O. The reactions were
placed on a PCR block and the initial denaturation was performed at 95°C for 2 min.
30 cycles were subsequently performed consisting of denaturation at 95°C for 30 s,
annealing at 60°C for 30 s and extension at 72°C for 90 s. A final extension step was
performed at 72°C for 5 min which was followed by incubation at 4°C. All PCR
products were stored at -20°C until further use.

2.5 Agarose gel electrophoresis

DNA was visualised and analysed by agarose gel electrophoresis. Agarose gels with
percentages varying from 0.8-3% (w/v) were produced by dissolving agarose in 0.5 x
TBE (TRIS/Borate/EDTA) buffer. After brief cooling, ethidium bromide (stock 5 mg/
ml) was added at 1:100,000 dilution and the gel was poured and left to set. Once set,
gels were run in 0.5 x TBE with voltage depending on the size of the DNA fragment as
well as the percentage of the gel.

2.6 T7 transcription and in vitro translation

In vitro transcription and translation (TNT) reactions from 1 pg of DNA were carried
out using 20 pl TNT Quick (Promega) reaction with 1 pl (0.56 MBq) **S methionine
(GE Healthcare). Reactions were incubated for 120 min before an equal volume of 2x
reducing SDS-PAGE sample buffer was added.

For the immunoprecipitation of in vitro translated ORF4 protein, a large reaction was
performed containing 31.25 pl rabbit reticulocyte lysates (RRLs) (Promega), 2.5
TNT buffer, 1.25 pl T7 polymerase, 1.25 pl amino acid mix minus methionine, 2.5
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ul (1.4 MBq) **S methionine (GE Healthcare), 1.25 pl RNAsin and 5 pg of the
template pcDNA-ORF4. Reactions were incubated at 30°C on a PCR block. 10 pl of
the total reaction (62.5 pl) was added to an equal volume of 2x reducing SDS-PAGE
sample buffer and kept for analysis by SDS-PAGE. The remaining reaction was used
for immunoprecipitation as detailed below.

The TNT products were analysed on a 15% (w/v) SDS-PAGE gel which was
Coomassie blue stained (Coomassie blue in 10% (v/v) ethanol and 10% (v/v) glacial
acetic acid in ddH,0) to check equal loading. The gel was destained in a solution
containing 10% (v/v) ethanol and 10% (v/v) glacial acetic acid in ddH,O. After drying

the radiolabelled proteins were visualised by autoradiography and phosphoimager.

2.7 Immunoprecipitation from in vitro transcription and
translation (TNT) reactions

A 50% (v/v) protein A bead slurry was prepared in radioimmunoprecipitation (RIPA)
buffer (50 mM Tris—=HCI pH 8.0, 150 mM NaCl, 1 mM EDTA, 1% (v/v) Triton X-100
and 0.1% (v/v) SDS). 50 ul of the 50% slurry was aliquoted into pre-siliconised tubes
containing either 50 pl of purified polyclonal ORF4 protein cross-reactive antibody, 20
ul of VP1 or VP2 cross-reactive antibody, or 5 ul of rabbit pre-immune sera. The
antibody-protein A slurry was incubated at room temperature (RT) for 1 h with regular
mixing. After 1 h the antibody-bead complexes were washed 3 times in RIPA buffer to
remove excess antibody. Before incubation with the antbodies the product of the TNT
reaction was pre-cleared by incubating for 20 min at 4°C with the 50% slurry of
protein A agarose beads and the total volume was topped up to 1 ml with RIPA buffer.
The pre-clear acted to remove proteins from the reaction which non-specifically bound
to the protein A agarose beads. The pre-cleared reaction was then centrifuged at 10,000
x g for 3 min and the supernatant was divided equally between the antibody-protein A-
sepharose containing tubes. The volume was topped up to a total of 500 pul and the
reactions were incubated overnight on a rotor at 4°C. After incubation the reactions
were washed 3 times in high-stringency RIPA buffer (500 mM NacCl) and twice in
standard RIPA buffer. After these washes an equal volume of reducing SDS-PAGE
sample buffer was added and the proteins were separated by SDS-PAGE, stained,
fixed and visualised as described above.
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2.8 Recombinant protein production and purification

2.8.1 ORF4-his

For protein induction, BL21 DE3* bacterial cells were transfected with the plasmid
encoding the N-terminal ubiquitinated and C-terminal his-tagged ORF4 protein under
the control of a T7 promoter (pET26UB MNV ORF4) generated previously by Dr lan
Goodfellow. Cells were also transfected with T7 polymerase and ubiquitin protease
encoding pCG1l vector under the control of the inducible lacUV5 promoter as
described previously (Gohara et al., 1999). Ubiquitin protease cleavage of the ORF4
fusion protein was used to ensure the expression of “authentic” ORF4 protein which
possibly employs GTG initiation. Hence without this system bacterial expression
would require an additional methionine encoding N-terminal ATG, which could affect
protein properties.

Transfected cells were grown for 24 h in Overnight Express'™ instant TB medium at
37°C. The next day cells were centrifuged at 1,500 x g for 30 min. Cell pellets were
washed in phosphate buffered saline (PBS) and were centrifuged at 1,500 x g for 15
min. Cells were lysed in a buffer containing 10 mM immidazol, 500 mM NaCl, 8 M
urea, 50 mM Tris pH 8.0. Lysis was aided by sonication (2 min total). The lysate was
centrifuged at 10,000 x g for 15 min. 2 ml of a 50% (v/v) Ni-NTA resin slurry in lysis
buffer was added to the supernatant and the reaction was incubated overnight on a
rotor at room temperature. The next day the reaction was centrifuged at 200 x g for 5
min and the resin containing fraction was washed and resuspended in lysis buffer. The
reaction was transferred to a polyprep column (Biorad) which was washed with lysis
buffer containing 15 mM immidazol. An elution buffer containing 200 mM immidazol
was added and the eluted protein was collected in 1 ml fractions. The fractions
containing the ORF4-his protein were pooled and the protein concentration was
quantified on a Coomassie stained SDS-PAGE gel using standard bovine serum
albumin (BSA) concentrations.

2.8.2 Cherry ORF4 expression

Full-length ORF4 protein, ORF4 peptide 3 (amino acids 41-69, sequence
PGKLTKLTPGSSKILSSAPLVSFPSRLETP) and peptide 4 (amino acids 67-90,
sequence LETPQVKYCLIWPSGQGLTPTLPT) and MNV VPg were cloned into
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pSCherry2, which encodes the haeme binding protein of cytochrome ¢ (known as the
Cherry tag) as well as a his tag. The proteins N-terminally fused to the Cherry tag and
containing a C-terminal his-tag were expressed in T7 polymerase encoding SE1
bacteria (supplied by Eurogentech) by growing in overnight Express'™ instant TB
medium at 37°C. Cells containing the empty plasmid without the cherry tag
(pSCodonl.2) acted as a negative control and the plasmid containing the cherry tag
alone (pSCherry2) acted as a positive control. 5 ml of overnight culture was
centrifuged and protein expression could be observed by the presence of a red pellet.
Induction of expression was visualised on a gel by centrifuging the equivalent amount
of bacteria to give and optical density (OD) of 0.8 at 600 nm. The bacterial pellets
were resuspended in 100 pl 1x reducing SDS-PAGE sample buffer and 10 pl were run
on an SDS-PAGE gel which was subsequently Coomassie stained and fixed as
described above.

2.9 Antisera

All antibody dilutions given in this section refer to western blot analysis, for dilutions
used for confocal microscopy please consult the confocal microscopy section in this
chapter. Antisera to the RNA dependent RNA polymerase of MNV-1 was generated
by immunisation of New Zealand white rabbits by Eurogentech after providing them
with recombinant viral polymerase (NS7) previously purified in the lab. An anti-NS7
serum was used at a dilution of 1:1000.

The first antibody raised against the ORF protein was generated using the standard
immunisation programme by Eurogentech. Briefly, New Zealand white rabbits were
immunised with recombinant full-length his-tagged ORF4 protein provided in 8 M
urea, and the rabbits received additional boosts of the protein on days 14 and 28. On
day 36 sera were taken for a test ELISA performed by Eurogentech, which
demonstrated that the sera were capable of cross reacting with his-tagged ORF4
protein in vitro. After an additional boost on day 56 rabbits were sacrificed on day 65
for the final bleed. When used in our laboratory for western blot and co-
immunoprecipitation, the antibody demonstrated good cross-reactivity against ORF4-
his and other his-tagged proteins but was unable to detect the ORF4 protein alone.
Using a 28-day immunisation programme, antibodies raised against 2 N-terminal
peptide components of the ORF4 protein (peptide 1 from amino acids 41-55, which
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represents the amino acid sequence PGKLTKLTPGSSKIL, and peptide 2 from amino
acids 62-74, which represents the amino acid sequence SFPSRLETP QVKY) were
generated by Eurogentech. The peptides used for immunisation were chosen and were
produced and purified by Eurogentech. The peptides were coupled to keyhole limpet
hemocyanin (KLH) as a carrier in order to enhance immunogenicity. Selection of these
peptides was based on hydrophilicity, antigenic index, surface probability as well as
alpha helix predictions. Briefly, the 28 day protocol performed by Eurogentech
consisted of immunisation of New Zealand white rabbits with the two peptides and
subsequent boosts were performed on days 7, 10 and 18. On day 21, sera generated
from a test bleed were used by Eurogentech in an ELISA, which demonstrated good
cross reactivity between the sera and the two peptides. After 28 days a terminal bleed
was performed and the two anti-peptide antibodies were affinity purified on the above
peptides by Eurogentech. For detection of the ORF4 protein by western blot analysis
the antibody raised against peptide 1 was used at a dilution of 1:100, whereas that
raised against peptide 2 was unsuccessful regardless of dilution.

Thirdly, a better ORF4 protein reactive antibody (used at a dilution of 1:250) was
generated by Eurogentech by immunising New Zealand white rabbits with peptide 1,
which was repeated on day 21. On day 49 a boost was performed with full-length
ORF4-his. Preliminary enzyme-linked immunosorbent assays (ELISAS) performed by
Eurogentech on test bleeds demonstrated little cross- reactivity of the sera with ORF4-
his. Therefore, rabbits were further boosted with ORF4-his (day 77). On day 91,
rabbits were immunised with ORF4 peptide 3 N-terminally fused to the Cherry tag and
C-terminally fused to a his tag (CH-P3-his), generated as described above. On day 105
a further boost with peptide 1 was performed and a final boost with CH-P3-his was
carried out on day 119, which was followed by a terminal bleed on day 143. This
antibody was purified by Eurogentech by affinity purification against peptide 1.

A mouse monoclonal antibody to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (Cat # AM4300) was purchased from Ambion and was used at a dilution of
1:20,000. A goat polyclonal antibody raised against the C-terminus of AIF was
purchased from Santa Cruz Biotechnology and was used at a dilution of 1:500 (Cat #
AIF (D-20): sc-9416). Polyclonal rabbit antibodies against full-length caspase 3 (Cat #
9662), Aspl75 cleaved caspase 3 (Cat # 9661), mouse specific full-length caspase 9
(Cat # 9504), mouse specific Asp353 cleaved caspase 9 (Cat # 9509) were purchased
from Cell Signalling Technology and were used at the recommended dilution of
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1:1000. A rabbit monoclonal antibody against survivin (Cat # 2808) was also
purchased from Cell Signalling Technology and was used at the recommended dilution
of 1:1000. A rabbit polyclonal antibody to calnexin used for confocal microscopy
analysis was purchased from Santa Cruz Biotechnology (Cat # Calnexin (H-70): sc-
11397).

Anti-mouse secondary antibody coupled with horseradish peroxidase (HRP) was used
at 1:15,000, anti-rabbit antibody coupled with HRP was used at 1:10,000 and anti-goat
antibody coupled with HRP (Santa Cruz Biotechnology) was used at 1:3000 dilution.
Alexa Fluor® 546 goat anti-rabbit and Alexa Fluor® 546 donkey anti-goat 1gG were

purchased from Invitrogen.

2.10 Western blot

For western blot analysis, cells were lysed in RIPA buffer (50 mM Tris—HCI pH 8.0,
150 mM NaCl, 1 mM EDTA, 1% (v/v) Triton X-100 and 0.1% (v/v) SDS). The BCA
protein assay (Pierce) was used to quantify the protein in the lysates. From each lysate
an equal amount of protein was mixed with SDS sample buffer (reducing) and heated
at 95°C for 5 min after which proteins were separated by SDS-PAGE. Proteins were
transferred to a polyvinylidene fluoride (PVDF) Immobilon-P transfer membrane
(Millipore) by semi-dry blotting according to the manufacturer’s instructions (Biorad).
The transfer of the ORF4 protein was run slightly longer at 15 V for 60 min.
Following transfer the membrane was blocked with PBST (0.1% (v/v) Tween 20 in
PBS) containing 5% (w/v) milk powder. After blocking, the membrane was incubated
with primary antibody diluted in PBST, 5% milk for a minimum of 2 h and was
washed 3 times in PBST, 5% milk. The secondary, HRP conjugated antibody diluted
in PBST, 5% milk was applied for 1 h and the membrane was washed twice in PBST
and twice in PBS. For the final visualisation, enhanced chemiluminescent substrate
(ECL) (GE Healthcare) was used according to manufacturer’s instructions. Briefly, 3
ml of reagent 1 was added to 3 ml of reagent 2 and each membrane was incubated for
30 s in the mixture, prior to placing between two acetate sheets in a film cassette.
Exposures to X-ray film were subsequently performed in a dark room.

2.11 Cell lines

MNV was propagated in the murine leukaemia macrophage cell line RAW 264.7 using
Dulbecco’s modified Eagle medium (DMEM) with 10% (v/v) foetal calf serum (FCS),
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penicillin (100 U/ ml) and streptomycin (100 ug/ml) and 10 mM HEPES buffer. Bone
derived macrophages (BMM®) from BALB/c mice were isolated from the thigh bone,
differentiated and maintained as detailed (Munder, 1971). Baby-hamster kidney cells
(BHK-21) expressing T7 RNA polymerase (BSRT7 cells) used during reverse genetics
recovery of MNV from cDNA clones, were cultured in DMEM (+FCS and pen/strep
as above) containing G418 at a concentration of 1 mg/ ml. COS-7 cells (CV-1 cell line
derived from adult male African green monkey kidney) and 293T cells were grown in
DMEM (+FCS and pen/strep as above).

Stable 293T cell lines expressing CdCl, inducible NTAP-ORF4 and NTAP were
grown in DMEM containing 10% FCS, pen/strep, 50 pg/ml hygromycin and non-
essential amino acids. Tetracycline-regulated expression (T-REX) 293T cells were
cultured in DMEM containing 10% FCS, pen/strep and blasticidin at a concentration
of 5 ng/ml. 293T TRex cell lines stably transfected with tetracycline inducible NT AP-
ORF4, ORF4-CTAP, NTAP or CTAP were cultured as T-REX 293T cells but
additionally contained zeocin at a concentration of 200 pg/ml. All cells were
maintained at 37°C with 10% CO..

2.12 DNA transfections

Cells were transfected with DNA diluted in Optimem (Gibco) using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions. Transfections were
always performed in antibiotic free media, as antibiotics entering the cells as a result of

the transfection protocol results in toxicity to the cells.

2.13 MINV reverse genetics

ORF4 mutant viruses were recovered using the reverse genetics principle previously
described by Chaudhry et al 2007. Briefly, BSRT7 were seeded at 7.5x10° cells/well in
9cm? in antibiotic free DMEM with 10% FCS and incubated overnight at 37°C, 10%
CO,. Antibiotic free media was used in preparation for transfection. The next day cells
were infected with Fowlpox virus (FPV) expressing T7 polymerase at a multiplicity of
infection (m.o.i.) of 0.5 plaque forming units (p.f.u.) per cell, (titred in chick embryo
fibroblasts). 700 ul of virus inoculum in antibiotic free DMEM with 10% FCS was left
on the cells for 1 h after which a further 2 ml of antibiotic free DMEM with 10% FCS
was added for 1 h. After incubation at room temperature, cells were washed in
antibiotic free DMEM with 10% FCS and using Lipofectamine 2000 according to the
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manufacturer’s protocol, cells were subsequently transfected with 1 ug of the MNV
infectious cDNA. 24 h post-transfection two freeze-thaw cycles were used to release
cell-associated virus which was subsequently titred by TCIDso/ml in RAW 264.7 cells,
using microscopic visualisation for the appearance of cytopathic effect. As cytopathic
effect was easily visualised, no staining protocol was necessary to distinguish between
infected and non-infected wells. Cytopathic effect was apparent by cell shrinkage,
rounding, loss of contact inhibition and cell death. Protein expression was analysed by
harvesting the cells into RIPA buffer and performing western blot analysis.

2.14 Reverse transcription-PCR (RT-PCR) and sequence
verification of mutant viruses

Reverse transcription was carried out on RNA extracted from cells infected at high
m.o.i. for 12 h, after which RNA extractions were performed using the mammalian
total RNA extraction kit from Sigma. 5 ug of RNA and SuperScript Il reverse
transcriptase (Invitrogen) was used according to the manufacturer’s instructions. In the
first step a supermix consisting of 1 ul dNTPs (10mM stock), 1 pl primer (2 pmol / pl
stock), 5 ug RNA and ddH,0 to 12 ul was prepared on ice in PCR tubes. Samples were
incubated at 65°C for 5 min in a PCR block before placing back on ice. To each
reaction were added 5 pl of 5 x SuperScript Il buffer, 2 ul DTT, 1 pul RNAsin and 1 pl
SuperScript 11 RT enzyme. Samples were then incubated at 42°C for an additional 50
min, followed by 70°C for 15 min to inactivate the enzyme before placing on ice and
subsequently storing at -20°C.

The MNV genome specific primer 6034R was used for the reverse transcription to
determine the sequence of all ORF4 mutant viral stocks. ORF4 was subsequently
amplified from the resulting cDNA using the MNV-1 sequencing primers 4450F and
6034R. The ORF4 region was then sequenced using the MNV-1 sequencing primers
5722R and 5054F.

2.15 Growth kinetic analysis

RAW?264.7 cells seeded at 3.2x10° cells per well of a 24-well plate were subsequently
infected with the ORF4 mutant viruses M1, M10 or M20 at an m.o.i. of 0.01. The
assay was performed in triplicate for each virus. At given time points (0, 6, 12, 24, 48,
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72 h post-infection) the infections were frozen and upon thawing the viral titres were
determined by TCIDso. Protein samples over the given timecourse were also taken,
standardised and analysed by western blot.

2.16 Determination of viral titre (TCIDso/ ml)

The MNV titre was determined by serial dilutions of the virus in a 96 well plate using
DMEM (10% FCS + pen/strep) as the diluent. Dilutions ranged from 107 to 10® in a
total volume of 250 pl. From each dilution series four 50 pl aliquots were transferred
to 96 well plates, to which 1x10° RAW264.7 cells were added per well. After
incubation for 5 days the percentage of infected wells in each repeat titration was
scored by microscopic analysis for cytopathic effect of the virus on the cells. Viral
titres were calculated using the standard formula based on the Reed-Muench method
(Reed & Muench, 1938). The dilution at which 50 % of the wells were infected was
then calculated using the following equation:

(% positive above 50%) —50%
(% positive above 50%) — (% positive below 50%)

= proportionate distance

The result of the equation gave the proportionate distance between the two dilutions
which gave a percentage infection either side of 50 %. The distance between the

dilutions was calculated by using the following equation:
(log dilution above 50%) + (proportionate distance x log dilution factor) = log TCIDsg

The reciprocal of the TCIDso was then used to express the virus titre as TCIDsg / unit
volume, i.e. TCIDsp / ml.

2.17 Analysis of ORF4 mutant virus stability

RAW?264.7 cells were seeded at 3.75x10° cells per well (9 cm?) of a 6-well dish and
were subsequently infected with the ORF4 mutant viruses M1, M10 or M20 at an
m.o.i. of 0.01. After 48 h, passage 1 viruses were freeze-thawed and were used for the
subsequent low m.o.i. round of infection. This style of passage was continued for 5
cycles after which cells were infected at high m.o.i. for 12 h and RNA was isolated for
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subsequent RT-PCR and sequencing. RT reactions and PCR were performed as for
viral stocks described above.

2.18 Analysis of virulent clones

An infectious clone harbouring the wild-type virulent MNV-1defining mutations at
genome positions 2151 and 5941 was generated by Dr Dalan Dalan Bailey and the
recovered recombinant virus is subsequently referred to as WT-v. The ORF4 knockout
mutation was built into this infectious clone by Yasmin Chaudhry and the generated
virulent recombinant viruses are referred to as M1-v. Following the generation of
stocks the sequences of these viruses were verified by high m.o.i. infection of RAW
264.7 cells with passage 1 virus for 12 h and subsequent RNA extraction as described.
RT-PCR reactions using the sequencing primer 2616R and 6034R were prepared. PCR
reactions using 5 pl cDNA were subsequently set up. The primers 1954F and 2616R
were used to amplify the region from the 2616R cDNA reaction and the primers 4450F
and 6034R were used to amplify the ORF4 region from the 6034R reaction. For
sequencing of the virulent stocks at genome position 2151, sequencing reactions were
prepared using the primer 1954F. For sequencing of the virulent stocks at genome
position 5941 sequencing reactions were prepared using the primer 6034R. For
sequencing of the ORF4 mutation sequencing reactions were prepared using the primer
5332R.

2.19 In vivo virulence analysis

All work involving live animals was carried with the help of Dr Dalan Bailey and in
collaboration with Dr Felix Yarovinsky at the University of Texas Southwestern
Medical Center, USA. Mice were housed in a category 2 laboratory on the campus. In
order to analyse virulence 16 male and female STAT1”" mice (six to eight weeks in
age, purchase from Taconic) were inoculated by oral gavage with either WT-v, or M1-
v. 6 control mice were inoculated with lysates from uninfected cells using the same
method. For this experiment mice were inoculated with 1000 TCIDsp units. A previous
smaller scale trial experiment involving only male mice and using 10,000 TCIDs, units
inoculum was used to analyse bodyweight only. Animals were weighed and checked
daily post-infection for signs of clinical disease characteristic of MNV-1 infection. 8
mice in each virus infected group were left for the duration of the experiment with
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blood and faeces samples being collected on days 0, 3 and 7 post-infection. Blood was
collected by eye bleeding using heparinised blood collection tubes. Upon appearance
of extremely severe symptoms such as ataxia, MNV specific symptoms on 3
consecutive days or more than 20% loss in bodyweight, mice were sacrificed by
complete dislocation of the neck at the level of cervical vertebrae. The remaining 8
mice from each virus infected group were used to collect tissue samples. For this, two
females and two males from each group were sacrificed on days 3 and 5 post-infection.
Tissue samples collected for analysis include the mesenteric lymph node, spleen, liver,
kidney, intestine, heart and lung. Lastly, faeces samples were also taken directly from
the small intestine of these sacrificed mice. Upon harvesting, samples were
immediately placed in Trizol® reagent (Invitrogen) and were frozen at -80°C for

subsequent RNA extraction.

2.20 Quantification of viral load

Viral loads in the harvested tissue samples were quantified by real time quantitative
PCR (qPCR) of viral cDNA generated by performing RT-reactions using tissue sample
extracted RNA as a template. Firstly, tissue samples stored in Trizol® reagent
(Invitrogen) were thawed and homogenised. RNA extraction from the Trizol® reagent
was performed through chloroform/isopropanol precipitation according to the
manufacturer’s instructions. Pelleted RNA was resuspended in 150 pl ddH,O and
RNA concentrations were quantified spectrophotometrically. 1ug of total RNA from
each tissue sample was added to an RT reaction using recombinant Avian
Myeloblastosis Virus (AMV) RT enzyme (Fermentas) according to the manufacturer’s
instructions.

A viral standard RNA corresponding to nucleotides 1085 — 1986 of the MNV genome
(containing 10™ viral genome copies/ 2 pl) previously prepared by in vitro
transcription reaction and quantified by Dr Surender Vashist was subsequently diluted
by performing 10-fold serial dilutions in RNA dilution buffer (yeast RNA, Ambion
Cat #AM7118 diluted 1:100 in nuclease free water) to give viral RNA standards
ranging between 10" and 10'genome copies per pg total RNA. For each sample,
duplicate gPCR reactions were then prepared in 96-well gPCR plates (Thermo
Scientific) using the MESA Blue gPCR MasterMix Plus for Syber Assay
(Eurogentech). 10% of the total amount of RT-generated cDNA or viral RNA standard
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was placed into 20 pl reactions containing the MNV genomic primers IGIC464 and
IGIC465. The enzyme-containing buffer and ddH,O were added according to the
manufacturer’s protocol. Reactions containing ddH,O and RNA dilution buffer were
used as a control. DNA was amplified in an ABI 7900 real time PCR machine using a
10 min heat denaturing step (95°C for 10 min) followed by 40 cycles of 94°C for 15
sec, 58°C for 30 sec and 72°C for 30 sec.

Viral genome copy number was calculated by interpolation from the standard curve.
This was generated using serial dilutions of standard RNA. The detection limit was
established by setting the threshold of detection to the values seen by qPCR reaction of
a non-infected negative control mouse. To ensure that these negative control values
were not due to contamination of the tissue samples with DNA from the laboratory, the
melting curves of these qPCR reactions were analysed and compared to the viral
standards. A melting curve measures the melting temperature of the product obtained
by gPCR. If only one specifically primed product is produced, then a single curve
corresponding to the melting temperature can be seen. If the products are multiple and
non-specifically primed, then several curves are seen, which do not overlap with the
curve of the desired product.

2.21 Analysis of restoration of ORF4 expression

In order to analyse the ORF4 sequences from viral RNA isolated from the tissues of
STAT1” mice, cDNA was generated by performing RT-PCR reactions using 1 pg of
tissue sample extracted RNA as a template. Reverse transcriptions were performed
using the sequencing primer 6034R as described above. The cDNA products were
subsequently PCR amplified by hemi-nested PCR. The first PCR reaction was carried
out using 5 pl cDNA and the MNV sequencing primers 5052F and 5722R, whilst the
second reactions contained 2 pl of the first PCR reaction and the primers 5052F and
5332R. The M1 defining mutation was subsequently sequenced using the MNV
sequencing primer 5332R.

2.22 Statistical analysis

For comparing viral yields at high vs. low cell seeding density an unpaired T-test at
95% confidence level was performed. Statistical analysis of mouse bodyweight in the
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days following infection was performed by Two-way ANOVA with Bonferroni post-
tests. Viral loads in the faeces of infected mice were measured using an unpaired T-test
at 95% confidence level. For the Glo3/7 assays, caspase activity at 16 h post-infection
was statistically compared using an unpaired T-test at 95% confidence level. For the
apoptosis timecourse, difference in luminescent signal over time was compared by

two-way ANOVA with Bonferroni post-tests.

2.23 Tandem affinity purification

2.23.1 NTAP-ORF4 in the CdCl; inducible system

ORF4 was cloned into the TAP plasmid pMEP4:NTAP which contains a GS tag
(protein G and streptavidin binding sequence). 293T cells expressing the NTAP-ORF4
(stably selected with 50 ug/ml hygromycin B from Roche) were induced by adding 10
uM CdCl, for 16 h. The cells from 10 x F175 flasks (approximately 2x10° cells) were
trypsinised, pooled and washed 3 times in ice-cold PBS. Cell pellets were lysed in an
equal volume (approximately 2 ml) of lysis buffer (50 mM Tris-HCI (pH 7.5), 125
mM NacCl, 5% (v/v) glycerol, 0.2% (v/v) NP-40, 1.5 mM MgCl,, 25 mM NaF, 1 mM
NaszVO, and protease inhibitors) for 10-15 min. Lysates were freeze thawed twice
(liquid N, then 37°C water bath) and centrifuged in a 4°C centrifuge at 15,000 x g for
10 min. 30 pl sample (sample 1) was kept for analysis.

For the first immunoprecipitation the cleared lysates were added to 60 pl packed beads
of rabbit 1gG agarose (Sigma-Aldrich Cat# A2909) which had been washed in lysis
buffer. Rabbit 1gG agarose contained polyclonal rabbit sera, which bound to the TAP
tagged proteins due to the ability of the protein G binding domain to bind 1gG. The
reactions were incubated at 4°C for 2-3 h and were subsequently centrifuged at 500 x g
and the supernatant was removed and kept for analysis (sample 2). The pelleted beads
were washed 3 times with 1 ml lysis buffer followed by three washes in TEV-protease
cleavage buffer (10 mM Tris-HCI (pH 7.5), 100 mM NaCl, and 0.2% NP-40). Bound
proteins were eluted by adding 20 units of TEV protease to the approximate 40 ul of
packed beads together with 10 pl 20x TEV buffer (Invitrogen), 2 ul 0.1 M DTT and
125 pul ddH20. Before the addition of the enzyme, 20 pul of sample (beads included)
was kept for analysis and the reactions were incubated overnight at 4°C.
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For the second immunoprecipitation, IgG beads were centrifuged at 500 x g. An
aliquot of the supernatant (20 pnl) containing the cleaved protein was kept for analysis
and the rest was added to 250 pl lysis buffer containing the remaining beads. The
reaction was resuspended and centrifuged. After three repeats the beads were retained
as sample 5 and the supernatant containing the protease cleavage product was
incubated with 40 pl of packed Ultralink Immobilized Streptavidin Plus (Pierce) beads
prepared in lysis buffer at 4°C for 2-3 h. After incubation the reactions were
centrifuged at 500 x g, the supernatant was kept for analysis (sample 6) and the beads
were washed four times in lysis buffer. The SBP-tagged proteins were eluted by
adding 1 mM D-biotin in 100 ul PBS and shaking at 4°C for 1-2 hrs. The reactions
were centrifuged at 500 x g and the supernatant was retained as sample 7 (the final
eluate) and the remaining streptavidin beads were resuspended in an equal volume of
2x reducing SDS sample buffer (sample 8) and retained for measuring the efficiency of
the biotin elution.

15% of available purified protein (S7) in 5x SDS sample buffer was separated on
NUPAGE Novex Bis-Tris Mini Gels (Invitrogen) and analysed with silver stain
(Invitrogen) according to the NUPAGE basic staining protocol. The remaining 85% of
sample 7 was also separated by SDS-PAGE and was analysed by Coomassie stain.

Coomassie stained bands were excised and were sent for mass spec analysis.

2.23.2 ORF4 in the tetracycline inducible system

293T T-REX cells (expressing the tetracycline repressor, selected for with blasticidin
at 5 ug /ml media) generated previously in the lab were transfected with pcDNA4/TO-
NTAP-ORF4, pcDNA4/TO-ORF4-CTAP as well as pcDNA4/TO-CTAP. After 24 h,
media was replaced with antibiotic (including blasticidin) containing media and after a
further 24 h cells were harvested into filter sterilised conditioned selection media from
293T T-REX cells containing blasticidin (5 pg/ml). To this, zeocin was added at a
concentration of 200 ug/ml. Serial dilutions were set up and selection media was
regularly replaced until single distinct colonies were detected. Under sterile conditions,
single colonies were isolated and grown up as clonal cell lines.

Once enough cells had grown, each clonal cell line was seeded into two wells of 6-
well plates. Upon confluency, expression of the TAP tagged fusion protein was

induced in one set of each cell line by adding 1 ug/ml doxycycline (Sigma) whilst the
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other set was left non-induced. After incubation at 37°C overnight cells were
harvested, washed in PBS, lysed into RIPA buffer, standardised, separated by SDS-
PAGE and analysed by western blot as described previously. Best-inducible clones
with least leaky expression were chosen for continual passage and TAP pulldown. In
order to perform TAP purification, TAP expressing selected clones were grown in 10
T-175 flasks (approximately 2 x 10° cells), and were induced with 1 pg/ml
doxycycline (Sigma) for 16 h after which cells were washed 3 times in ice-cold PBS
and lysed in 5 ml TAP lysis buffer (as above) for 10-15 min. Subsequent TAP
purification was performed as described above.

2.24 Yeast-two hybrid screen

For the ORF4 yeast-two hybrid screen the company Proteinlinks (San Diego, CA,
USA) was employed. They carried out both LexA and the more specific TetR screen
with subsequent identification of binding partners. Full-length ORF4 fused in-frame to
the DNA binding domains encoded within the pCWX200 (TetR) and pEG202 (pLexA)
yeast expression plasmids did not transform into yeast, predictably due to toxicity. A
176 amino acid truncation of the protein generated by Dr lan Goodfellow and cloned
into the expression plasmids transformed into yeast and did not self-activate
transcription. Using this truncated version of the protein a library of 1.4 x 10’ cDNA
clones derived from mouse spleen was screened for the ability to interact with the
ORF4 protein. After identification of positive interactors by growth on selective media
(X-Gal/Gal and Leu2-/Gal), colonies were retransformed. Growth on selective media
using the p53-PIAS1 interaction as a positive control indicated interaction, and
positive clones were extracted and sequenced. Sequences of clones were used to
identify the binding partners and the information was passed on to our laboratory.
Using VNTI and the NCBI BlastX programme the authenticity of the sequences were

confirmed and it was verified if multiple interactors were indeed identical clones.
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2.25 Confocal microscopy

2.25.1 Green fluorescent protein (GFP) transfections and slide
preparation

Cells were seeded at 1x10° cells/ml in antibiotic-free media into 6-well (9 cm?) dishes
containing coverslips, and transfected with either C-terminal (ORF4-GFP) -and N-
terminal (GFP-ORF4) GFP fusion constructs using the empty GFP expressing
plasmids pEGFPC1 and pEGFPN1 as controls. Analysis of SV ORF4E C-terminal
(ORF4E-GFP) and N-terminal (GFP-ORF4E) fusions was also carried out by this
approach. On separate occasions the plasmids encoding MNV ORF4 C-terminal
truncations A 1-19 ORF4-GFP, A 1-56 ORF4-GFP and A 1-123 ORF4-GFP were
transfected into cells. After overnight incubation cells were stained for 30 min at 37°C
with a 1:250 dilution of MitoTracker Red 580 (Invitrogen) in DMEM containing 10%
FCS and pen/strep. After incubation cells were washed three times in ice cold PBS.
Cells were fixed at RT with 4% (w/v) paraformaldehyde (PFA) in 250 mM HEPES for
15 min, after which they were washed 3 times in PBS and quenched using 50 mM
ammonium chloride for 10 min followed by 3 PBS washes. Coverslips were
subsequently mounted onto slides using moviol containing 4'-6-Diamidino-2-
phenylindole (DAPI). Confocal microscopy was carried out using the Zeiss Meta 510
confocal microscope, and images were taken using the LSM 3.2 image software.

2.25.2 Antibody-specific staining

Cells fixed as above were permeabilised with PBS containing 0.2% (v/v) Triton X-
100. Slides were washed in PBS, followed by blocking in PBS containing 0.2% (w/v)
BSA. In the case of AIF staining of the mitochondria, cells were incubated with Goat
anti-AlF D-20 (Santo Cruz Biotechnology). In the case of ER staining cells were
incubated with rabbit anti-calnexin antibody (H70 Santa Cruz biotechnology). In the
attempt to use the ORF4 protein cross-reactive antibody, cells were incubated with
anti-ORF4 generated by the modified immunisation protocol described above. Primary
antibodies were diluted in PBS containing 0.2% BSA at antibody dilutions of 1:50,
1:250 and 1:500. After incubation in a humidified chamber for 45 min at RT, slides
were washed 3 times in PBS and were incubated for 45 min at RT in a humidified
chamber with 1:300 Alexa Fluor® 546 conjugated anti-IgG secondary antibody. Alexa
Fluor® 546 donkey anti-goat 1gG was used in the case of AlF staining, whereas Alexa
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Fluor® 546 goat anti-rabbit 1gG was used in the case of calnexin and ORF4 staining.
Following incubation and three PBS washes, coverslips were mounted onto slides
using moviol containing DAPI and were analysed as above. In all cases, images of the
slides incubated with a 1:250 antibody dilution were taken.

2.26 Biochemical localisation

2 x 10" RAW264.7 cells were infected with either WT or ORF4 M1 virus at an m.o.i.
of 5. After 12 h at 37°C, the control total cell lysates were prepared by washing in PBS
and lysing directly into reducing SDS sample buffer. The mitochondria and cytosol of
infected cells were separated using a mitochondria isolation kit for mammalian cells
(Thermo scientific). The isolated mitochondria were directly suspended into reducing
SDS sample buffer whilst due to the high volume the cytosolic fraction was
concentrated using the UPPA-protein concentrate kit from G-Biosciences. Fractions
were separated on a 15% SDS-PAGE gel and a western blot against the ORF4 protein
was performed. In further western blots, a rabbit antibody against poly C-binding
protein (PCBP-1) acted as a control for the cytosolic fraction and the AIF antibody

acted as a control for the mitochondrial fraction.

2.27 Apoptosis assays

For apoptosis assays, RAW264.7 or BMM® cells were seeded at 5x10° cells per well
of a 24-well plate. After settling in the wells for 24 h cells were infected with an m.o.i.
of 5 or treated with 5 uM staurosporine (Sigma). For the RAW264.7 16 h post-
infection analysis samples were taken in triplicate with three independent repeats, for
the BMM® analysis timepoints were taken in duplicate. For the timecourse analysis
each timepoint was set up in triplicate. At given timepoints (9, 12, 15, 18 and 21 h
post-infection) cells were PBS washed and lysed in 1 ml of 1x cell culture lysis reagent
(Promega). 100 pl of lysed cells were the incubated with 100 pl of Glo3/7 assay
reagent (Promega) and after incubating at RT for 40 min, luminescence was read using
a TD20/20 luminometer (Turner Designs). After separation of lysates by SDS-PAGE,
levels of cleaved caspase 3, full-length caspase 3, cleaved caspase 9, full-length

caspase 9 and survivin were determined by western blot analysis.
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3. Confirmation of ORF4
expression and in vitro

characterisation of the
ORF4 protein
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3.1 Introduction

Prior to this study, the potential ORF4 present in the MNV VP1 coding region had not
been characterised. Indeed, the initial MNV publication in 2003 (Karst et al., 2003) did
not identify this potential fourth open reading frame, but preliminary analysis by our
laboratory identified that an ORF existed. On this basis bioinformatic analysis was
performed in order to characterise the potential protein that ORF4 encoded. One of the
first questions raised was of course whether or not this potential overlapping reading
frame protein possessed any similarity to other previously characterised proteins.
Additionally, an in vitro approach was taken in order to express and subsequently
detect a protein from this open reading frame. By employing the MNV reverse
genetics system established in our laboratory (Chaudhry et al., 2007) ORF4 mutant
viruses were generated and were characterised in tissue culture. The overall aim of this
chapter was therefore to preliminarily characterise the ORF4 protein using

bioinformatics as well as a number of in vitro techniques.

3.2 Results and discussion

3.2.1 Bioinformatic analysis

3.2.1.1 Location and Kozak context

The 642 nucleotide ORF4 is located at the beginning of the MNV subgenomic RNA in
a +1 frame relative to ORF2, which encodes the viral capsid protein VP1 (figure 3.1a).
The potential ORF4 protein AUG initiating triplet is found at genome position 50609,
and the flanking sequences contain a G both at positions -3 and +4, placing it in a
strong Kozak context (Kozak, 1984). Interestingly, a GTG immediately before the
AUG is highly conserved and could also act as a potential initiation codon, although
there is currently no direct evidence to suggest that this is the case (figure 3.1b).
However, translation initiation of several viral proteins from codons other than ATG
has been documented for many viruses, especially in the context of overlapping open
reading frames. Example include the HCV F protein, which uses a GUG or GCG
initiation codon (Baril & Brakier-Gingras, 2005); the newly identified overlapping
reading frame product of the coronavirus torovirus utilises a conserved CUG codon
(Firth & Atkins, 2009); and human T-cell lymphotropic virus type 1 (HTLV-1) can use
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GUG and CUG in-frame initiation codons which ensure enhanced translation of the
Rex and Tax proteins encoded on a dicistronic mMRNA (Corcelette et al., 2000). In
recent years, the use of dicistronic mMRNAs as a regulatory means of gene expression in
eukaryotes has become ever more evident, and includes for example the expression of
endogenous fibroblast growth factor-2 (FGF-2) (Blaustein et al., 2009). Hence,
regulated expression of the ORF4 protein may also be the case due to the nature the
overlapping reading frames.

A)
VPg @ AAA(n)Subgenomic RNA
@[NS1/2 NS3 [ NS4 NS5[ NS6 | NS7 — | AAA(n) Genomic RNA
ORF4 l [ VP2 |
l 541 AA l
214 AA 208 AA
B) +1 Frame
ORF4 RF GTG ATG GCG CAG CGC CAA AAG ..
|
|
ORF2 RF

GTGA ATG AGG ATG AGT QAT GGC GCA GCG CCA AAA GCC ...
1

Figure 3.1. The location, size and reading frame of MNV ORF4. A) Diagram of the murine
norovirus genome with the three already characterised reading frames (ORFs). The non-structural
proteins are encoded by ORF1 beginning at the 5° of the genomic RNA, ORF2 and ORF3 encode the
major and minor capsid proteins VP1 and VP2 from a subgenomic RNA. The newly identified fourth
overlapping reading frame ORF4 encodes a 214 amino acid protein. B) The +1 frameshift from the
ORF2 reading frame (RF) to the ORF4 frame. The initiation codons are highlighted in red, in the case
of ORF4, GTG may act as an initiation codon, as it is also highly conserved, although the AUG is
surrounded by a strong Kozak sequence. In ORF2 the discussed VP1 initiation codons at -7 and -13
relative to the ORF4 AUG are also highlighted in red.

The authentic MNV VP1 initiation codon has yet to be identified as the VP1 ORF
contains two potential AUG codons. Whereas the first AUG initiation codon is in a
weak Kozak context (U at -3 and A at +4), the initiation codon positioned at -7 is in a
stronger, but still not presented in an optimal Kozak context (A at -3 and +4) (figure
3.1b). Indeed, dicistronic mMRNAS sometimes contain strong Kozak context initiation
codons surrounded by weaker ones (Matsuda & Dreher, 2006, Smith et al., 2005).
Translation from different initiation codons in bicistronic RNAs is ensured by leaky
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scanning of the ribosome, which involves forward or backward movement of the
ribosome from the strong Kozak initiation site. A precedent for this has already been
reported in turnip yellow mosaic virus, where the ORF encoding the p69 protein is in a
weak Kozak context 7 bases upstream from the strong context ORF encoding the p206
protein (Matsuda & Dreher, 2006). However, it is unclear whether or not leaky
scanning actually occurs in the VPg-dependent translation employed by MNV, or
whether the ORF4 strong Kozak initiation codon plays a role in ribosome recruitment
and leaky scanning assisting VVP1 translation.

3.2.1.2 Conservation of the ORF4 protein amino acid sequence

Another interesting observation is that in addition to the genomic conservation
(discussed in chapter 1), the primary amino acid sequence of the ORF4 protein is
highly conserved and also contains several conserved polyproline motifs in the N-
terminus (figure 3.2). Polyproline motifs (minimum sequence PxP) are frequently
involved in SH3 binding and recent studies performed by Dr Andrew MacDonald,
have demonstrated that the ORF4 protein has SH3 binding activity (data not shown).
Comparison of the MNV ORF4 protein with the SV ORFAE protein showed that there
is relatively little homology between the smaller, 161 amino acid SV protein and the
214 amino acid protein encoded by MNV ORF4 (data not shown). Similarly, little
homology was observed in comparisons between the RHDV and SMSV potential
overlapping reading frame proteins and MNV ORF4 and SV ORF4E (data not shown).
Between MNV ORF4 protein amino acids 84-124 and SV ORF4E protein amino acids
92-132, there is 39% amino acid identity of 41 amino acids [using LALIGN server,
(Huang & Miller, 1991)]. Similarly, alignment of MNV ORF4 protein amino acids 10-
155 and SV ORF4E protein amino acids 23-161 reveals 29.4% identity over this 138
amino acid region [using EMBOSS alignment programme, (Rice et al., 2000)]. Such a
low percent identity does suggest there may be differences in function between the
MNV ORF4 protein and the SV ORF4E protein, although SV also contains a number
of proline motifs which align with the proline residues present in MNV (data not
shown). Most interestingly, alignments of the MNV ORF4 protein with hypothetical
proteins translated from the ORF2 coding region in a +1 frame relative to VP1 for a
number of caliciviruses (Human norovirus GIlI, SV, PEC, FCV, SMSV, RHDV,
Tulane, and Newbury-1) revealed that although stop codons are frequently encountered
in this reading frame, putative amino acid stretches do align with the MNV ORF4
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protein (data not shown). Like the SV ORF4E protein, this was the case for a number
of proline residues. Hence even though many related caliciviruses may have lost the
functionality of this ORF, the presence of putative amino acid sequences which align
with ORF4 protein may suggest these sequences are in fact evolutionary remnants. In
an experimental approach, comparative analysis between the MNV and SV
overlapping reading frame proteins was examined and results can be seen in chapter 6.
Noteworthy is that no significant homology can be seen between the MNV ORF4
protein and other overlapping reading frame proteins such as those of influenza, HCV,
TMEYV, HEV or indeed any previously described protein present in various databases.
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Figure 3.2. Bioinformatic analysis of ORF4 protein amino acid sequences (continued overleaf). Alignment of the amino acid sequence of all the currently published MNV strains
(duplicates removed) also revealed a high degree of conservation of all the putative ORF4 proteins at the amino acid level. Between the highlighted lines are the positions of four highly
conserved polyproline motifs.
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3.2.2 Detection of MNV ORF4 expression

3.2.2.1 In vitro transcription and translation reactions

In order to determine if a protein could be produced from the MNV potential fourth
open reading frame, ORF4 was cloned into an expression plasmid (pcDNA3.1+)
which, in addition to a T7 polymerase promoter also contains a CMV promoter to
allow expression once transfected into cells. S**> methionine radiolabelled TNTs were
performed with the ORF4 expression plasmid (pcDNA3.1+ORF4) and a construct
encoding the subgenomic RNA from a tissue-culture adapted MNV strain
(pSportMNVSG4*). Results revealed that a protein of a similar size (approximately 23
kDa) was produced from both constructs (figure 3.3a). The identity of VP1 and VP2
was subsequently confirmed by immunoprecipitation (figure 3.3b). Once a successful
ORF4 protein cross-reactive antibody was generated using a modified immunisation
programme (detailed in section 3.2.2.2), the identity of the ORF4 protein was also

confirmed by immunoprecipitation from these TNTs (figure 3.3b).

A) B)
IPs
SG ORF4
RNA ORF4VP2 VP1 RNA
VPL = s <—475kDa VPl =» ' g |«—47.5kDa
VP2 i
VP2
ORF4 3 . —200a ORF4 . +—20 kDa

Figure 3.3. In vitro translations and immunoprecipitations. A) SDS-PAGE analysis of S*
radiolabelled products from coupled in vitro transcription and translation (TNT) reactions using
constructs containing the MNV subgenomic RNA (SG) or open reading frame 4 (ORF4). B)
Immunoprecipitations (IPs) from MNV SG RNA in vitro translation reactions. Antisera directed
against VP1, VP2 and the ORF4 protein were used to immunoprecipitate proteins from a TNT of
the SG RNA. The immunoprecipitated complexes were then resolved by SDS-PAGE prior to
exposure to film. Note: The antibody against the ORF4 protein employed here is the one generated
from the third immunisation protocol described in section 3.2.2.2.

Although the predicted product of ORF4 is slightly larger than that of ORF3, it
appeared to run at a lower position on the SDS-PAGE gel, which may be because the
protein is processed by cellular proteases or may simply be due the characteristics of
the protein (charge, hydrophobicity, etc.). Bioinformatic analysis does predict that the
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ORF4 protein possesses an extremely high isoelectric point (PI) of 11.8. The PI is the
pH at which the protein carries no net electrical charge, and consequently the ORF4
protein is predicted to be highly basic. The detection of the ORF4 protein from an
expression construct, as well as from the MNV subgenomic RNA was one of the first
indications that this fourth reading frame is authentic, and so further experiments were

performed to investigate the role of ORF4 in the virus life cycle.

3.2.2.2 Generation of an ORF4 protein reactive antibody

One of the most definitive approaches to confirm that an ORF is expressed is the
ability to detect the protein it encodes using specific antisera. Therefore, the generation
of an antibody capable of detecting the ORF4 protein was a main priority at the
beginning of the project. Unfortunately, similarly to characterised MNV non-structural
proteins, mouse MNV immune sera were not capable of detecting recombinant his-
tagged ORF4 protein or a protein of the predicted size from infected cell lysates by
western blot (data not shown). The production of an ORF4 protein reactive antibody
was particularly difficult as recombinant C-terminal his-tagged ORF4 protein (ORF4-
his) expressed and purified from E. coli was insoluble. Additionally, due to
bioinformatically predicted transmembrane regions present in the C-terminus (data not
shown), the ORF4 protein is believed to be very hydrophobic, properties which make
production and purification to the quantities required for immunisation difficult. The
first approach in generating an ORF4 protein cross-reactive polyclonal antibody was to
produce recombinant full-length his-tagged ORF4 protein and immunise rabbits using
a traditional approach as illustrated in figure 3.4a.

Unfortunately, the antibody generated by this method (protocol 1) was incapable of
detecting virus expressed ORF4 protein by western blot. Although this could have
simply indicated that the ORF4 protein is not expressed during infection, the antibody
also failed to detect the protein expressed from cDNA transfected into cells. Similarly
it was incapable of immunoprecipitating the ORF4 protein expressed in vitro. Even
though the antibody detected full-length recombinant ORF4-his, this was due to
specific cross reactivity with the his-tag (data not shown).

In an attempt to produce a second antibody, several GST-fused peptide fragments of
the ORF4 protein were designed with the aim of expressing and purifying them for
subsequent immunisation. This also proved to be difficult as various fragments of the
protein failed to express in E. coli (data not shown). One successful approach (protocol



Imperial College 86

2) was finally achieved by immunising rabbits (figure 3.4b) with two distinct
potentially immunogenic peptides (peptide 1 and 2) chosen by the immunisation
company Eurogentech and present in the N-terminus of the ORF4 protein (figure 3.5a).
Selection of these peptides was based on hydrophilicity, antigenic index, surface
probability as well as alpha helix predictions. In order to enhance immunogenicity,
peptide 1 (ORF4 protein amino acid sequence 41-55) and peptide 2 (ORF4 protein
amino acids 62-74) were coupled to KLH as a carrier and immunisation was
performed using a rapid 28 day immunisation programme, after which the two anti-
peptide antibodies were affinity purified on the above peptides (figure 3.4b).
Subsequent analysis revealed that only one of these anti-peptide antibodies (a-P1) was
successful in detecting the ORF4 protein by western blot (figure 3.6a) and
immunoprecipitation of in vitro translated ORF4 product (data not shown). Drawbacks
of this antibody included a substantial amount of cross-reactive non-specific bands,
and the fact that a high concentration of antibody (1:100 dilution for western blot) was

required to detect the protein (figure 3.6a).

A)
Test bleed Final
ORF4-his ORF4-his ORF4-his +ELISA ORF4-his bleed a—ORF4-his
N
purification on
I | | I | | ORF4-his and
Day 0 14 28 36 56 65 western blot
B)
Test bleed Final
P1+2 P1+2 P1+2 P1+2 +ELISA bleed o—P1, a-P2
[ T T t t
purification on
| | | | | | P1+2 and
Day 0 7 10 18 21 28 western blot
C) Test bleed Final

P1 P1ORF4-his +ELISA ORF4-his CH-P3-his P1  CH-P3-his bleed o—ORF4

IR R | Voo | Voot atiy

purification on
| | | | | | | | | P1 and western
Day 0 21 49 58 77 91 105 119 143 blot

Figure 3.4. Generation of an ORF4 protein reactive antibody. A) Protocol 1: Immunisation of
rabbits with denatured (8M urea) full-length recombinant ORF4-his in a standard immunisation
programme was unsuccessful in detecting the ORF4 protein either from infected cells or in vitro
translations. B) Protocol 2: A rapid 28-day anti-peptide immunisation programme (method 2) was
successful in the generation of an ORF4 protein cross-reactive antibody, although only peptide 1
(P1) gave rise to the successful antibody, a-P1. C) Protocol 3: Immunisation programme used to
generate the third and final ORF4 protein cross reactive antibody. Rabbits were immunised with
P1, ORF4-his and the newly generated CH-P3-his.

Finally, a more specific ORF4 protein-reactive antibody was produced in rabbits using
a modified prime boost strategy (protocol 3). Rabbits were first immunised with
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peptide 1 (previously found to be immunogenic by protocol 2), and were then boosted
with recombinant full-length ORF4-his (figure 3.4c). Although ELISAs on the peptide
and ORF4-his performed by Eurogentech showed that ORF4 protein reactivity was
good (data not shown), initial western blot analysis of infected cells revealed very little
improvement over the previous antibody in terms of non-specific cross reactivity and
quantity of the antibody required to detect the protein (data not shown). This may well
be linked to the fact that ELISA assays recognise conformational epitopes in contrast
to western blot analysis of lysates separated by SDS-PAGE where linear epitopes are

presented.
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Figure 3.5. Position of the ORF4 peptides and production of CH-P3-his. A) To detect the ORF4
protein two N-terminal anti-peptide antibodies were generated against the highlighted peptide 1
(P1) and peptide 2 (P2). Expression of two longer fusion peptides (P3 and P4) was attempted in
order to generate a more efficient ORF4 protein cross-reactive antibody. B) Characteristic red
colour of bacterial pellets expressing either the cherry tag alone pSCherry2 (CH-his) or cherry
tagged proteins (CH-VPg-his, CH-P3-his) over the yellow pellets of the negative control
pSCodonl.2 (CD). Those proteins expressed in low levels (CH-P4-his, CH-FL-his) showed a
slightly orange colour. C) Coomassie stained 15% SDS-PAGE gel containing lysates of E.coli
expressing the various Cherry-fusion proteins: The gel indicates that CH-P3-his and CH-VPg-his
were induced. As above, pSCherry2 (CH) acted as a positive control, whereas pSCodonl.2 (CD)
was a negative control. Induction was not seen for the full-length cherry tagged ORF4 protein (CH-
FL-his) or CH-P4-his.

It was anticipated that immunisation with a further antigenic peptide could generate a
good ORF4 protein reactive antibody. Therefore, attempts were made to express the
full-length ORF4 protein as well as two ORF4 encoded peptides (peptide 3 and 4) as

soluble recombinant proteins fused to a red polypeptide (cherry tag), which is the 11
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kDa haeme binding domain of cytochrome c (figure 3.5a). The colouration allows
instant identification of expressed proteins and as the cherry tag is highly soluble this
can increase the solubility of the target protein. The cherry expressing plasmid,
pSCherry2 also expresses tRNAs for six rare codons, and so enables expression of
proteins which contain rare codons. As immunisation with peptide 1 was known to
give an ORF4 protein cross-reactive antibody, the sequence was incorporated into
peptide 3, which contained amino acids 41-69 (figure 3.5a). Peptide 4 (which overlaps
with peptide 3 at the N-terminus) contains the amino acid sequences 67-90 of the
ORF4 protein. MNV VPg acted as a positive control as it is known to be soluble and
expresses in bacterial cells. As expected, the bacteria (E. coli) produced a characteristic
red colour upon protein expression (figure 3.5b). Upon induction, cherry fused full-
length ORF4 protein (CH-FL-his) and peptide 4 (CH-P4-his) showed low levels of
expression seen by the slight orange colour compared to the negative control
pSCodonl.2 (CD). Cherry fused peptide 3 (CH-P3-his) on the other hand had the
characteristic red colour seen for the positive control pSCherry2 (CH-his), which
contains the cherry tag alone (figure 3.5b). SDS-PAGE confirmed the initial visual
confirmation that CH-P3-his was expressed (figure 3.5c). This allowed large scale
induction and purification for immunisation. Therefore, rabbits were subsequently
boosted twice with CH-P3-his and once with peptide 1 (figure 3.4c). This approach
gave a good reactive antibody against the ORF4 protein (figure 3.6b).

A) CH-P3 B)
NI -his NI
— —
— —
- - -
- S 32 5kDa 32 5kDa
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ORF4 =y s - a
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Figure 3.6. Differences in the specific cross-reactivity of antibodies generated by protocols 2
and 3 (as described in figure 3.5). Infected (1) and non-infected (NI) RAW264.7 mouse
macrophage cells were lysed 12 hours post-infection and were separated by SDS-PAGE. Western
blot analysis was performed using the anti-peptide antibody generated by protocol 2 (A) and the
antibody generated by the more successful protocol 3 (B). In the case of (A), CH-P3-his acted as a
positive control.
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3.2.2.3 Western blot analysis
After generation of a suitable ORF4 protein reactive antibody, the ORF4 protein was
detected in RAW264.7 mouse macrophage cells lysed 12 h after m.o.i. of
approximately 4 (figure 3.7a).

A
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Figure 3.7. Detection of the ORF4 protein during virus infection. A) Western blot of infected
() and non-infected (NI) RAW264.7 mouse macrophages lysed 12 hours post-infection and
separated by SDS-PAGE, showing the ORF4 protein and the cellular GAPDH as a control.
Adjacent are cell lysates from BSRT7 cells infected with FPV-T7 and subsequently transfected
with the vector (V) pcDNA3.1+ or the ORF4 protein expression construct pcDNA3.1+ORF4. Cells
were harvested 16 hours post transfection. B) Western blot of infected 1C21 mouse macrophages
treated as RAW264.7 cells described above. C) Western blot of SDS-PAGE separated lysates from
infected RAW264.7 cells taken during a timecourse of infection demonstrating ORF4 protein
expression, as well as other viral proteins such as the viral polymerase NS7 and the minor capsid
protein VVP2. Non-infected cells acted as a negative control and recombinant ORF4-his acted as a
positive control.
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Western blot analysis revealed that this protein is the same molecular weight as a
protein present in BSRT7 cells (cell line derived from BHK cells) transfected with the
ORF4 expression construct pcDNA3.1+ORF4 (figure 3.7a). However, the ORF4
protein was only detected if expression was boosted by infecting with FPV-T7
(Fowlpox virus expressing T7 polymerase) prior to transfection, which was possibly
due to a fast turnover rate of the ORF4 protein in BSRT7 cells. This western blot
provided the first evidence in infected cells that ORF4 is an authentic open reading
frame and that the protein is expressed during infection of RAW264.7 cells.
Furthermore, the ORF4 protein was also detected following infection of 1C21 mouse
macrophages (figure 3.7b), confirming that expression of the ORF4 protein during
infection was not limited to the RAW264.7 macrophage cell line.

In order to examine the Kkinetics of ORF4 protein expression during infection,
RAW264.7 cells were infected at high m.o.i. and protein samples were harvested at
various times post-infection. The ORF4 protein was detected from 9 h post-infection,
which is comparable to the appearance of the viral minor capsid protein VP2 (figure
3.7¢). In contrast, detection of NS7 was observed as early as 6 h post-infection,
although such differences are frequently influenced by the affinity of a particular

antibody.

3.2.3 Generation and characterisation of ORF4 mutants

3.2.3.1 ORF4 mutants: Design, generation and recovery by reverse genetics

To examine the requirement for ORF4 in the MNV life cycle, three mutants, which
introduced stop codons at different locations in ORF4 (figure 3.8a) were generated by
overlap PCR mutagenesis initially using the full-length infectious MNV clone
pT7TMNV3’Rz as a template. The resulting 1.6 kb fragment was subsequently cloned
into pT7MNV3’Rz using naturally occurring restriction sites. Due to the nature of the
overlapping reading frames, the mutations were designed not to affect the amino acid
sequence of the major capsid protein VP1. Three mutants (figure 3.8b) containing the
stop codon TAG at different positions in ORF4 were generated through single point
mutations of the leucine encoding TTG (M1 and M10), and the tryptophan encoding
TGG (M20). The mutants M1, M10 and M20 contain stop codon insertions at codon
positions 17, 99 and 196 of ORF4. These correspond to the following nucleotide
substitutions M1 T5118A, M10 T5364A and M20 G5655A.
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To ensure that the inserted stop codons (confirmed by sequencing) did indeed
terminate ORF4 protein translation and did not disrupt the production of the capsid
proteins, the subgenomic RNA of these mutants was in vitro translated. As anticipated,
the production of VP1 and VP2 was not affected in any of the ORF4 mutants (figure
3.8c). For the mutants M1 and M10 no ORF4 protein was seen, and for M20, which is
only a C-terminal ORF4 protein truncation, the translated protein was slightly smaller
than WT ORF4 protein (figure 3.8c). A feature common to in vitro translation of the
MNV subgenomic RNA is internal initiation of the capsid protein. Interestingly,
internal initiation appeared to be significantly stronger from the subgenomic RNA of
the M1 mutant (figure 3.8c). One explanation for this phenomenon could be that the
ORF4 region is no longer occupied by translating ribosomes, thus there is a higher
probability of VP1 internal initiation.

It was also confirmed that the knockout mutation M1 lay in a region of the 5 MNV
subgenomic RNA previously shown to be single-stranded by biochemical structure
probing of the 5' end of the subgenomic RNA (performed by Dr Surender Vashist)
(data not shown). Unfortunately the positions of M10 and M20 extended beyond this
mapped region, although predictions using the server m-fold also confirmed that the
mutations were located in loop regions rather than stems. Consequently, it was
concluded that RNA secondary structure was largely unaltered in all mutants.

Once the cDNA clones had been generated, ORF4 mutant viruses were recovered
using the established MNYV reverse genetics system (Chaudhry et al., 2007). Analysis
by western blot revealed that there was no difference in expression levels of NS7
during the recovery of M1, M10 or M20 compared to wild-type (WT) virus (data not
shown). Western blot of SDS-PAGE separated lysates of cells transfected with the
clone of virus encoding a frameshift in the polymerase (FS) (thus showing a truncated
band by western blot) as well as non-transfected cells acted as a negative control.
Titrations of the recovered mutant viruses also showed them to have a similar titre to

WT ranging between 10°and 10* virus particles per ml of lysate (data not shown).
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Figure 3.8. Generation of ORF4 mutants A) Schematic diagram showing the three positions into
which stop codons were inserted into the ORF4 protein coding sequence in order to generate mutants.
B) Genome position of the ORF4 mutants highlighting the changes in nucleotide sequence required
to generate the mutants, although the amino acid sequence (highlighted above the codons) of VP1
remained unaffected due to the degeneracy of the genetic code. C) In vitro translation of ORF4
mutated MNV subgenomes. The subgenomic region of the wild-type full-length MNV clone
(pT7MNV3’Rz) and the full-length clone containing the ORF4 mutations was amplified by PCR to
incorporate a T7 promoter and products were used for in vitro transcription and translation assays
prior to analysis by SDS-PAGE.

3.2.3.2 Initial characterisation of mutants

After recovery, the ORF4 mutant viruses were used to infect RAW264.7 cells in order
to generate high titre stocks. RT-PCR and sequencing confirmed that after recovery
and initial passage the viruses still contained the mutations in ORF4 (data incorporated
as part of figure 3.10b - see next section). Thus, these results suggested that expression
of the ORF4 protein is not essential for virus recovery or viability in tissue culture. To
confirm the lack of ORF4 expression in the mutants, western blot analysis of lysates
from RAW264.7 cells infected with the ORF4 mutants was performed. As expected,
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no protein was detected in cells infected with either M1 or M10 (data incorporated as
part of figure 3.10c - see next section).

In cells infected with virus encoding the C-terminally truncated M20, a slightly larger
faint band could be seen (figure 3.10c). Such an observation for M20 was not
surprising as like any truncated protein, the ORF4 product from M20 was likely to be
misfolded and was probably ubiquitinated in preparation for subsequent degradation.
Single (data not shown) and multi-step growth curve analysis indicated that there was
no significant difference in the growth kinetics of wild-type and mutant viruses (figure
3.9), indicating that a lack of the ORF4 protein was not associated with reduced

replication efficiency tissue culture.
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0 ‘ ‘ ‘
0 20 40 60 80

Hours post infection

Figure 3.9. ORF4 expression is not required for virus replication in tissue culture. A) Multi-step
growth curves (low m.o.i.) infection demonstrating no observable difference in viral titres between
the ORF4 mutants and WT virus. RAW264.7 cells were infected at an m.o.i. of 0.01 and infections
were frozen at given timepoints. Viral titres were subsequently determined by tissue culture
infectious dose 50 assays (TCID50). Timepoints for individual viruses represent the means of three
independent repeats; error bars represent the standard error between repeats.

3.2.3.3 Loss of ORF4 results in a fitness cost

Although no difference in growth kinetics of the ORF4 mutants was seen in tissue
culture, the high degree of genetic conservation between isolates indicates that there is
evolutionary pressure to conserve this reading frame. Mutant viruses can also be
studied by other approaches in cell culture in order to detect any possible attenuation,
for example by assaying viral fitness in direct comparison to the WT virus, or simply

through serial passage. Therefore, the generated ORF4 mutants described above were
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passaged five times by low m.o.i. infection of RAW264.7 mouse macrophages as

depicted in figure 3.10a.
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Figure 3.10. Serial passage of the ORF4 mutant viruses revealed phenotypic reversion. A) The
ORF4 mutant viruses M1, M10 and M20 were used to infect RAW 264.7 cells at low m.o.i. for 5
passages. Passage 5 viruses were then used to infect RAW264.7 cells at the high m.o.i. required for
viral RNA extraction and RT-PCR. Note: Passage 1 refers to this experiment, and the virus used to
inoculate the cells was sequence verified high titre passage 2 virus following virus recovery as
described previously. B) Chromatograms from sequencing reactions of passage 1 (P1) and passage
5 (P5) viruses. C) Lysates were generated by infecting RAW264.7 cells with passage 1 and 5 viruses
of the ORF4 mutants M1, M10 and M20. Lysates were also prepared from non-infected cells (NI)
and cells infected with WT MNV. Lysates were separated by SDS-PAGE prior to western blot
analysis using antibodies against the ORF4 protein and viral polymerase (NS7).
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After 5 passages in tissue culture, alterations of the TAG stop codon in M1 and M10 to
TGG, restoring ORF4 expression were observed (figure 3.10b). Most importantly, the
inserted TGG codon is not seen at either of these positions in any of the currently
sequenced murine norovirus strains indicating that there was clear pressure on the
virus to restore this reading frame. The reason as to why in both cases a G is
preferentially inserted rather than the original wild-type base (T for both M1 and M10)
is however unclear. The viral polymerase may preferentially insert a certain base when
undergoing an error, which is estimated to occur at a frequency similar to related RNA
viruses of approximately 10 to 10 (Castro et al., 2005). Noteworthy is that in all
three cases, (i.e. wild-type, ORF4 mutant, and ORF4 expression restored virus), the
amino acid sequence of the capsid remains unaltered due to the degeneracy of the
genetic code. Western blot analysis from viruses infected cells after 5 passages in
tissue culture confirmed the restoration of ORF4 expression in M1 and M10 (figure
3.10c). As previously mentioned, the slightly larger fainter band seen for M20 was
most likely a ubiquitinated form of the truncated protein (figure 3.10c). The reason
why no revertants were seen for M20 may lie in the fact that as the protein is only
truncated by 19 amino acids, it still contains some, if not all of its function, hence there
was less pressure to restore expression of the C-terminal 20 amino acids.

Interestingly, the restoration of ORF4 expression (repeated in two independent
experiments for M1) could only be seen when cells were seeded at the high density of
1.2x10%well in 9cm?. When viruses were passaged in cells seeded at low cell seeding
density (6x10°/well in 9cm?), no reversion was seen for any of the mutants by passage
5 or indeed passage 10 (data not shown). This raised concerns over whether or not
growth curves, which were performed at low cell seeding density, gave an accurate
representation of the effect of ORF4 mutations on virus growth kinetics. Consequently,
a virus yield assay at 48 h post-infection, using the ORF4 knockout virus M1 was
performed at low vs. high cell seeding density. There was no statistically significant
difference between the yield of M1 vs. WT virus in cells seeded at high or low density
(analysis performed using the unpaired T-test at 95% confidence) (figure 3.11a).
However, a single-step growth curve performed at high seeding density revealed that
from 15 h post-infection, the levels of viral VP1 were reduced for M1 in comparison to
WT (figure 3.11b). Whilst densitometry analysis revealed that at 15 h VP1 levels were
22% higher in WT infected cells, the difference at 18 h (79%) and 21 h (60%) was
significantly higher. This observation was also made when levels of the viral
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polymerase (NS7) were compared (data not shown). In contrast, no significant
difference between the viral protein levels could be seen at the two earlier timepoints
(9 and 12 h), and the levels of the cellular control GAPDH was comparable in all
samples (figure 3.11b). These findings contrast previous and frequently repeated data
performed at low seeding density, where no difference was seen in viral protein levels

in either multi- (data not shown) or single-step growth curves (3.11c).
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Figure 3.11. Virus yield experiment and effects of cell seeding density of protein
production. A) Cells were seeded at 1.2x10%well in 9cm? and infected with an m.o.i. of 4.
Virus was harvested at 0 and 24 h post-infection. Virus was titred in RAW264.7 cells, revealing
no statistically significant difference (measured by unpaired T-test) in virus yield between
viruses and cell seeding densities. B) Western blot of infected cell lysates separated by SDS-
PAGE. RAW264.7 cells were seeded and infected as detailed in (A) and western blots were
performed against the major capsid protein VP1 and ORF4. GAPDH was used as a cellular
control. This figure is also part of figure 7.3 in chapter 7. C) Infected RAW64.7 cells seeded at
low density (6x10°/well in 9cm?) and infected with a high m.o.i. were lysed and separated by
SDS-PAGE. A western blot was performed against the major capsid protein VP1 and levels of
cellular GAPDH were equal (data not shown).
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3.3. Conclusion

Both bioinformatic as well as in vitro evidence were used to successfully demonstrate
that MNV ORF4 is an authentic overlapping reading frame which encodes a protein
expressed during infection in tissue culture. Interestingly, the ORF4 protein displayed
no homology to any currently identified proteins. Unfortunately, the lack of sequence
homology between the MNV ORF4 protein and the related SV ORF4E suggests
separate functions and would require a more in-depth in vitro comparative analysis,
which is partly addressed in chapter 6. However, the current lack of a cell culture
system for human sapoviruses would severely limit an approach similar to the one
taken for MNV in this chapter. Additionally, large scale bioinformatic analysis using
available RHDV and SMSV sequences needs to be performed in order to investigate
the possible existence of an MNV ORF4 equivalent reading frame. However, the
potential 82 - 120 amino acid products would be significantly smaller than the 214
amino acid MNV ORF4 protein.

Although in vitro analysis revealed that the ORF4 mutant viruses did not show a
replicative defect in comparison to WT viruses, this may not be the case during in vivo
infections. Therefore, as will be described in chapter 4, investigations examining the
phenotype of ORF4 mutants in STAT1” mice were performed. Interestingly, more
extensive in vitro analysis did show that restoration of protein expression occurred in
two ORF4 mutants serially passaged under conditions of high cell seeding density,
providing evidence that even in tissue culture viruses containing an intact ORF4 had a
fitness advantage. In conclusion, the data presented in this chapter was used as a basis
for investigating the role of ORF4 in vivo as well as subsequent in vitro experiments to
identify ORF4 protein interacting proteins, identify cellular localisation and

involvement in apoptosis, all of which will be described in subsequent chapters.
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4.1 Introduction

Although not essential for MNV viability in cell culture, it is possible that similar to
other viral overlapping reading frame proteins, such as the PB1-F2 protein of influenza
A (McAuley et al., 2007), the ORF4 protein functions as an accessory protein which
enhances virulence. Consequently, to determine if ORF4 was involved in MNV
virulence the virulence of the ORF4 knockout virus M1 was examined in the STAT 17
mouse model. As described previously, MNV-1 causes a lethal systemic infection in
STAT1” mice or mice lacking both type I and type Il IFN receptors (Karst et al.,
2003, Mumphrey et al., 2007). STAT1 is critical for IFN signalling and controls
MNV-1 replication and dissemination (Karst et al., 2003). Mice lacking only type | or
type Il interferon do not suffer from fatal MNV-1 infection as the presence of one can
at least partially compensate for the lack of the other (Karst et al., 2003). Infection of
wild-type 129 mice with MNV-1 results in a subclinical infection, although
histopathological changes and viral RNA can be detected within 24 h post-infection in
the proximal intestine, spleen and liver (Karst et al., 2003, Mumphrey et al., 2007,
Wobus et al., 2006). After peroral inoculation of immunocompetent adult 129 mice,
MNV-1 is rapidly disseminated from the small intestine to the spleen, liver and
occasionally lungs, but in contrast to immunocompromised mice where viral RNA
loads continually increase, viral RNA in adult 129 mice is cleared by day 3 post-
infection (Karst et al., 2003, Wobus et al., 2006). The steady increase in viral RNA in
the intestines of STAT1"" mice and subsequent viral dissemination, has been attributed
to the inability of these mice to control viral replication and dissemination through IFN
signalling (Karst et al., 2003). Although MNV-1 was initially identified in
RAG/STAT1" mice it was shown that only STAT1” was required for lethality and that
RAG was required for viral clearance by the adaptive immune system (Karst et al.,

2003). To date, the precise cause of death from MNV-1 infection remains unknown.

4.2 Results and discussion

4.2.1 Generation and rescue of virulent MNV-1 ORF4 mutants

The repeated passage of MNV in tissue culture has been demonstrated to result in
attenuation (Bailey et al., 2008, Mumphrey et al., 2007). Therefore, all previous ORF4
studies were performed using the MNV-1 tissue culture adapted strains, also the basis
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for the MNV reverse genetics system generated and employed in our laboratory
(Chaudhry et al., 2007). Studies in our laboratory demonstrated that the attenuation
occurring after tissue culture passage was the result of a single amino acid change in
the capsid protein, although another mutation in NS4 may also contribute to tissue
culture adaptation (Bailey et al., 2008). Therefore, an infectious virulent MNV-1
cDNA clone encoding the virulence determining amino acid in VP1 as well as the
original amino acid in NS4 was constructed and rescued by Dr Dalan Bailey (Bailey et
al., 2008). In collaboration with Yasmin Chaudhry, the ORF4 knockout mutation M1
was introduced into the infectious clone encoding the virulent cDNA and mutant virus
(termed M1-v) was recovered alongside wild-type virulent MNV-1 (termed M1-v). In
both cases (M1-v and WT-v), the recovered virus was only passaged once in tissue
culture in order to prevent tissue culture adaptation. The presence of the virulence
defining codons at positions 2151 and 5941 as well as the ORF4 stop codon (position
5118) were confirmed in M1-v by sequencing (figure 4.1). Sequencing at positions
2151 and 5941 was also performed for WT-v (data not shown).

NS4: 2151 G

: 6 ¢ A A G lgc_T cla ¢c ¢ a6
ORF4: 5118 A

A G G AT C|T A GJT T C C T
VP1:5941 A

C c T A T[E Z ClT T C C

Figure 4.1 Sequencing chromatograms of M1-v viral stock at genome positions 2151, 5118 and
5941. The codons containing the desired base are boxed. The virulent clones are defined by a G at
genome position 2151 in the NS4 encoding region, and an A at position 5941 in the VP1 encoding
region. In contrast, in tissue culture adapted MNV the GTC encoding valine in NS4 mutates to ATC
encoding isoleucine and the AAG encoding lysine in VP1 mutates to glutamate encoded by GAG
(Bailey et al., 2008). In addition M1-v encodes an A at genome position 5118, inserting the stop
codon TAG into the ORF4 reading frame.




Imperial College 101

To ensure that ORF4 expression was not essential for viral replication in the virulent
MNYV infectious clone, Dr Bailey performed multistep growth curves (m.o.i. of 0.01)
using M1-v and WT-v in both immortalised (RAW264.7) as well as primary bone
derived mouse macrophage cells (BMM®) isolated from the thigh bone of BALB/c
mice. As expected, viral titres of both M1-v and WT-v were reduced in infected bone
derived macrophages in comparison to RAW264.7 cells (figure 4.2). The lower virus
yields from BMM® were most likely linked to primary cells being less permissive to
viral replication than the tissue culture adapted macrophages. As these macrophages
were derived from WT mice, they most likely mounted an effective anti-viral response
as a result of MNV infection. It is therefore likely that the antiviral function of

interferon reduced viral yield due to regulation of viral infection.
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Figure 4.2. Analysis of growth kinetics of M1-v and WT-v in RAW26.7 cells and BMM®s.
Growth curve analysis was performed by Dr Dalan Bailey. Cells were infected at an m.o.i. of 0.01
in triplicate and were frozen at given timepoints before subsequent titration by TCID50 in
RAW264.7 cells in triplicate. Error bars reflect the standard deviation seen between the replicate
titrations, * depicts the statistically significant difference (P<0.05) between WT-v and M1-v at 12 h
post-infection in BMM®.

The unpaired T-test was used to statistically compare the means of the two groups (i.e.
M1-v infected cells against WT-v infected cells). The results are reflected in the P-
value which displays the chance that random sampling would result in means differing
to the extent as observed in the experiment. If overall the P value is large (P>0.05), the
difference is not significant, whereas the reverse is the case for small P-values, with
P<0.01 being of moderate and P<0.001 being of major significance. Interestingly, the
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viral titres in BMM®s at 12 h post-infection revealed a significant difference
(P=0.0149) between M1-v and WT- v, with WT-v displaying an almost 10-fold higher
average titre. As the assays were performed in triplicate and only small deviations
were observed, it is possible that this difference between M1-v and WT-v is authentic
and that M1-v can grow to slightly higher titres in the first 12 h post-infection. In
order to be confident of these observations however, this assay would need to be
repeated. However, despite the differences seen at 12 h post-infection in BMM®s the
final viral titres did not show statistical significant differences between M1-v and WT-

V.

4.2.2 Characterisation of the role of ORF4 in MNV induced virulence

4.2.2.1 Experimental design

Together with Dr Dalan Bailey and working in collaboration with Dr Felix Yarovinsky
at the University of Texas Southwestern Medical Center 6-8 week old STAT1” mice
were challenged with either M1-v or WT-v. For this experiment two cohorts were
established (figure 4.3) and groups of 8 mice (4 females and 4 males) were inoculated
with 1000 TCIDsp units of either M1-v or WT-v. In a previously performed smaller-
scale trial experiment, groups of 6 male mice had been inoculated with 10,000 TCIDO
units and weight loss was monitored post-infection. The results of this trial were
encouraging but led us to decrease the infectious dose for reasons detailed below. To
exclude the possibility of cross-contamination or contamination through external
sources (MNV is after all a prevalent pathogen of laboratory mice), 6 mice were
inoculated with mock lysate from non-infected cells as a negative control.
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Cohort 1 Cohort 2
Left for duration of experiment: Weighed daily, blood
weighed daily, blood and faeces collected on day 0 and from
collection ondays 0, 3,7 terminal bleed. Euthanised

for tissues (2 female and 2
male) ondays 3and 5
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Figure 4.3 Experimental design for in vivo virulence analysis. 2 cohorts of male (represented in
blue) and female (represented in pink) mice infected with either WT-v or M1-v at 1000 TCID50
units, whereas 6 control mice were treated with non-infected virus negative (-ve) lysate. Control
mice were left for the duration of the experiment (as cohort 1) and were sacrificed for tissues and
blood samples on day 14 post-infection.

Mice in cohort 1 were weighed daily, and blood and faeces were taken on days 0, 3
and 7 post-infection, which is comparable to what had taken place during the 10,000
TCIDsg infectious dose trial. Cohort 2 was also weighed daily and blood samples were
taken on day 0. However, on days 3 and 5 post-infection, 2 males and 2 females from
each of the infected groups were sacrificed for terminal blood and tissue samples,
which included the mesenteric lymph node, spleen, liver, kidney, heart, lung and small
intestine. Faeces samples were also directly harvested from the small intestine during
the post mortems. Animals were arbitrarily selected for tissue sampling via ear-tag
identification irrespective of symptoms. All tissue samples were used for the isolation
of viral RNA. As this work was performed overseas and samples were shipped to the
UK for subsequent processing all virus was inactivated in compliance with custom
regulations for the import of biological material. Local rules at Southwestern Medical
Center also required all viruses contained in tissue samples to be inactivated.
Therefore, the isolation of live virus particles from harvested tissue samples was
unfortunately not possible. Control mice were sacrificed for tissues on day 14 (on day
7 for the 10,000 TCIDs, infectious dose experiment), due to restrictions placed by the
animal facility. For humane purposes, a 20% loss of bodyweight, the development of
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severe symptoms or the presence of MNV-1 specific symptoms for 3 consecutive days

was set in order to prevent undue suffering to the animal.

4.2.2.2 Analysis of bodyweight

One of the first indications that M1-v was attenuated in STAT1” mice came from
analysis of the bodyweights of the infected animals. Whilst the weights of mice
inoculated with the mock lysate control gradually increased following inoculation
(figure 4.4a), weights of mice infected with WT-v dropped significantly in the first few
days post-infection, consistent with previous findings (Mumphrey et al., 2007).
Although some of the mice inoculated with M1-v demonstrated weight loss at the
same time as those inoculated with WT-v, overall the bodyweights of mice inoculated
with M1-v increased or remained constant in the first 5 days post-infection, although
drops in bodyweight comparable to WT-v infected mice were seen in individual cases
(figure 4.4a).

Weight loss was accompanied by the onset of symptoms typical of MNV-1 infection,
to be described later. Animals removed from the study include those sacrificed on days
3 and 5 post-infection, as well as those exhibiting severe symptoms, showing more
than 20% loss of bodyweight or exhibiting MNV-1 specific symptoms on 3
consecutive days. In order to determine whether or not differences seen in bodyweight
were not due to chance, statistical analysis was performed by two-way ANOVA. This
analysis determines how a response (in this case weight loss) is determined by two
factors (in this case time and type of inoculum) and compares the likelihood that
differences amongst the means in bodyweight could have been caused by chance
alone. As for the T-test, the results are reflected in the P-value and the use of post-
tests. If overall the P value is large (P>0.05), the difference is not considered
significant, whereas the reverse is the case for small P-values. A statistical significant
difference in the weights of mice infected with WT-v compared to the mock lysate was
not seen for the first 3 days post-infection (P>0.05) (figure 4.4a). From day 4 onwards
however, there was a major significant difference between WT-v and mock lysate
treated mice (P<0.001). Interestingly, and most importantly, for the first 5 days post-
infection, the weights of mice infected with M1-v showed no statistical significant
difference (P>0.05) to the weights of mice inoculated with the control lysate. By day 6,
the difference between mock and M1-v was of minor significance (P<0.05) although
there was still a major significant difference between M1-v and WT-v (P<0.001).
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Statistical analysis by two-way ANOVA past day 6 was not possible due to the
removal of the WT infected mice from the study. Corresponding to visual predictions,
an unpaired T-test in order to analyse statistically significant differences between the
weights of the control mice and the remaining M1-v infected mice between days 7 and
10 post-infection demonstrated that there was a significant statistical difference

(P<0.05) in all cases (data not shown).

A)

% of Day 0 weight

B)

% of Day 0 weight

Figure 4.4. ORF4 contributes to MNV virulence in vivo. A) Daily bodyweights of mice
inoculated with either negative lysate or virus (M1-v or WT-v) at 1000 TCID50 units. Statistical
differences (calculated by two-way ANOVA with Bonferroni post-tests) are represented by the P-
values. P values of P<0.001, P<0.01 and P<0.05 are represented as ***, ** and *. Non-significant
differences (P>0.5) are represented as ns. Statistical significances between M1-v and WT-v are
depicted in the lower brackets, differences between WT-v and mock are represented in the middle
brackets and differences between mock and M1-v in the top brackets. Error bars represent the
standard error and lines represent the means of the weights of mice treated with a specific inoculum
on each day. B) Daily bodyweights and statistical differences between mice infected with 10,000
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This data represented the first real evidence that ORF4 is involved in MNV-1
virulence. However, although the means showed no statistical difference between the
weight-gaining control mice and M1-v infected mice, cases of dramatic weight loss
corresponding to onset of disease was observed in a number of M1-v infected mice
from days 3 post-infection. In fact, between days 6 and 10 post-infection all remaining
M1-v infected animals showed signs of weight loss and all animals eventually
succumbed to the disease. Weight loss in M1-v infected mice correlated with the same
clinical manifestation of disease as were seen in mice infected with WT-v.

Noteworthy is that the observed statistical differences in weight loss between mice
inoculated with WT-v and M1-v was not as prominent in a previous experiment
performed with the higher infectious dose of 10,000 TCIDs, units. Although statistical
analysis (also by two-way ANOVA with Bonferroni post-tests) revealed a significant
difference (P<0.001) in bodyweight by day 3 post-infection between control mice and
mice infected with either M1-1 or WT-v, there were statistically significant differences
in bodyweight between M1-v and WT-v on days 3, 4 and 5 post-infection (P<0.01 on
days 3 and 5, P<0.001 on day 4) (figure 4.4b). Consequently, attenuation of M1-v

appeared more significant when the lower infectious dose was used.

4.2.2.3 Symptoms and pathology

In all cases, weight loss for both M1-v and WT-v was accompanied by symptoms
typical of MNV infection (Karst et al., 2003, Mumphrey et al., 2007, Ward et al.,
2006). Early symptoms (seen by day 3 for WT-v) included matted and dull fur, along
with a related decrease in grooming activity. Apparently healthy animals also
physically disassociated themselves from those clearly displaying symptoms. These
first symptoms were rapidly followed by hunched appearance, disorientation and
reduced mobility leading to ataxia. At the later stages of infection all M1-v and WT-v
infected mice exhibited ocular and mucosal discharge. Infected mice showed
significantly reduced defecation and faeces were generally smaller, lighter and more
fibrous than for the control mice. Excessive urination seen in infected mice also
indicated potential kidney problems and the skin of these mice was noticeably
dehydrated. Hair loss was also seen in a number of WT-v and M1-v infected mice.
Once the post mortems of cohort 2 animals was performed, it became clear that
reduced defecation was most likely due to gastrointestinal bloating and blockage,
where the stomachs and intestines contained a large amount of undigested food.
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Indeed, previous experiments measuring gastric emptying of MNV-1 infected STAT1"
" mice demonstrated a striking increase in stomach contents of infected STAT1” but
not WT mice (Mumphrey et al., 2007). Severe gastrointestinal blockage and yellow
coloured intestinal infiltrate and fluid accumulation was only seen during the later
stages of infection in day 5 sacrificed animals (all WT-v and two M1-v infected
animals). Gastrointestinal blockage could thus explain the observed decrease in
defecation, and a decrease in intestinal stool content following MNV-1 infection of
STAT1” mice has also previously been reported (Mumphrey et al., 2007).
Interestingly, gastric bloating could potentially be caused by decreased gastric motor
function, which could also be the case for human noroviruses. Because mice can not
vomit due to the lack of an emetic reflex, gastric blockage occurs, whereas in humans
vomiting ensues (Meeroff et al., 1980, Mumphrey et al., 2007).

On day 3, many of the spleens of WT-v infected animals had a dark red discoloration,
indicative of an intense immune response. This discolouration was also seen for a
number of M1-v infected animals. By day 5, the spleens of a number of mice (both
WT-v and M1-v infected) were darker, indicating necrosis. Similarly, the livers of
infected animals were paler than for the control mice, indicating hepatitis, either
through infiltrate of immune or bacterial cells which had infiltrated the peritoneum
from the gut. Importantly, these symptoms were both the same for M1-v and WT-v
infected animals, although the pathology seen by post mortem was generally not as
severe and apparent for M1-v infected as for WT-v infected mice. At the time of
writing histopathology slides of tissues taken from M1-v and WT-v infected animals
were not available as they were prepared by a company at the University of Texas
Southwestern Medical Center in collaboration with Dr Yarovinsky. Following
communication with the lab it has since been established that the randomly selected
M1-v tissue samples left for histopathology analysis closer resembled the tissues of the

control mice rather than the WT-v infected mice.

4.2.2.4 Viral loads

Although analysis of symptoms and bodyweight can be used to compare the phenotype
of two viruses, a more accurate approach is quantitative analysis of viral load. For
viruses which cause systemic disease, such as MNV-1 in STAT1” mice, analysis of
viral load in various tissues can strongly reflect on a virus’s ability to spread from the
initial site of infection and cause systemic disease. In order to investigate viral load,
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RNA in the tissues (mesenteric lymph node (MLN), spleen, liver, kidney, heart, lung,
intestine) of animals sacrificed on days 3 and 5 post-infection was reverse transcribed
to generate cDNA, and quantitative real-time PCR (gPCR) analysis was performed.
Unfortunately, the limit of virus detection (10% viral genome copies per g of total
RNA) in complex RNA samples derived from animal tissues, was higher than the limit
for RNA samples derived from tissue culture infected cells (10° viral genome copies
per ug of RNA). Viral genome copy number was determined by comparison to a
known amount of standard viral RNA. The viral detection limit was determined by
melting curve as specified in the materials and methods (chapter 2). On day 3, viral
genome copy numbers in the tissues of M1-v infected animals was either below or
very close to the detection limit by this analysis and not exceeding the copy number of
10* (figure 4.5a).

By day 5, viral genome copy number for WT-v infected tissues ranged from 10’-10"°
viral genomes per pg of total RNA (figure 4.5b). In contrast, only one of the four M1-v
sacrificed mice showed levels of viral RNA in all tissues which were several logs
above the detection limit. The viral genome levels in the tissues of this infected mouse
ranged from 10° to 10 per pg of RNA, depending on the tissue. These values were still
significantly lower than for WT-v infected mice. In contrast, the viral genome levels of
the remaining mice were either below or marginally above the detection threshold,
ranging between 10° and 10* genome copies per pug of RNA. Even though the genome
copy number was low, for the two animals above the detection threshold, the viral
RNAs were verified as viral genomes as the melting curves were comparable to those
of the viral RNA standard and the WT-v infected tissues (data not shown). On day 5,
viral titres generally appeared higher in the MLN and spleen, consistent with previous
findings and the hypothesis that MNV spreads from the initial site of infection (i.e.
intestine) and disseminates via the lymphatic system to cause a systemic infection
(Karst et al., 2003, Mumphrey et al., 2007).

Unfortunately, gPCR analysis of the blood of infected animals did not give rise to
detectable levels of viral RNA, which was more likely due to technical difficulties
such as having sufficient quantities of extracted RNA, rather than the virus not being
present. Previous observations have indeed reported high levels of viral RNA in the
blood of MNV-1 infected STAT1? mice (Karst et al., 2003, Wobus et al., 2006).
Terminal bleeds were taken by eye bleeding, but in hindsight cardiac puncture to bleed
out the animals would have been a preferable method of blood collection. This
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technique would have ensured sufficient quantities of extractable RNA were obtained
to enable the isolation of viral RNA.
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Figure 4.5. Viral RNA loads in the tissues of M1-v and WT-v infected mice sacrificed on days 3
(A) and days 5 (B) post-infection. Viral loads were determined by gPCR analysis of viral cDNA
generated by MNV genomic primer specific reverse transcription of viral RNA harvested from
infected tissues. Viral loads are depicted as genome copy number per ug of total RNA. The viral
detection limit is highlighted by the blue lines. Error bars represent the standard error and lines
represent the means between viral genome copy numbers determined in individual mice treated with
the same inoculum.

Viral RNA was also detected in the faeces of all (days 3 and 5) sacrificed WT-v
animals, with genome copy numbers per ug input RNA ranging between 10°-10" on
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day 3 and between 107-10° on day 5 (figure 4.6). The faeces of these animals were
collected by harvesting directly from the intestine during the post mortems. This
ensured that the faeces samples were fresh as the reduced defection caused by
gastrointestinal blockage no longer enabled faeces sample collection when mice were
weighed during their daily examination. On day 3, two M1-v infected animals had
viral genome copy numbers slightly above the detection limit of 10° genome copies
per ug of RNA (figure 4.6).
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Figure 4.6. Viral RNA loads in the faeces of M1-v and WT-v infected mice sacrificed on days 3
and 5 post infection. Viral loads were determined by gPCR analysis of viral cDNA generated by
MNV genomic primer specific reverse transcription of viral RNA harvested from intestinally
extracted faeces. Viral loads are depicted as genome copy number per g of total RNA. The viral
detection limit is highlighted by the blue line. Error bars represent the standard error and lines
represent the means between viral genome copy numbers determined in individual mice treated with
the same inoculum. Statistical differences between the viral loads of WT-v and M1-v at both
timepoints (P<0.05) were calculated using the standard unpaired T-test.

For one of these M1-v infected animals the viral genome number per pg of RNA was
10*. On day 5, two M1-v infected mice had viral genome copy numbers around the
detection limit, whilst the genome copy numbers were several logs higher for the two
other M1-v sacrificed mice. For one M1-v animal viral genome copy number per pg of
RNA was 10°, whilst the other animal contained values above 10*. The mouse with the
highest levels of viral RNA was the same M1-v infected animal which had high viral
RNA loads in all tissue samples (figure 4.5). However, on both days, M1-v viral
genome copy numbers in the faeces of infected animals were significantly lower
(determined using an unpaired T-test) than those of WT-v infected animals, with

P<0.05 in both cases. Consequently, the viral genome copy number in the faeces
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corresponded with the results obtained from the infected tissue samples, and indicated
that M1-v was attenuated in STAT1” mice.

4.2.2.4 Restoration of ORF4 expression not observed in M1-v

The observed bodyweight and viral load differences between WT-v and M1-v infected
animals, as well as differences in disease onset between individual M1-v infected
animals led to the examination whether ORF4 expression was restored during the
course of the infection. As described in chapter 2, mutations restoring ORF4
expression were observed in the ORF4 knockout virus upon serial passage in tissue
culture. However, RT-PCR and sequencing analysis of RNA from tissue samples of a
day 5 and day 7 sacrificed mouse (cohort 1 animal, sacrificed due to severe symptoms)
revealed that the M1-v defining TAG stop codon was still present (figure 4.7).
Consequently, the differences in disease onset between individual M1-v infected
animals was not associated with restoration of ORF4 expression. However, it must be
noted that although restoration was not observable from the sequencing chromatogram,
where no significant mixture of bases higher than background level can be observed at
the TAG site in question (figure 4.7), the sequencing analysis may not have been
sensitive enough to detect a small quasispecies population of revertants. Therefore,
sequencing of individual viral clones may have been a more appropriate approach to
detect restoration of ORF4 expression. Additionally, if mouse to mouse transmission
was allowed to continue, restoration of ORF4 may well have been observed.
Unfortunately, the costs of these experiments, and the containment facilities required
prevented such an analysis.
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Figure 4.7. Sequencing chromatograms of all tissues and the faeces sample of an M1-v infected
animal. The viral RNA isolated from the infected animal sacrificed on day 7 was subjected to RT-
PCR followed by PCR amplification and subsequent sequencing, which demonstrated the presence of
the TAG stop codon in all harvested tissues as well as the faeces sample.

4.3 Conclusion

In order to investigate the role of the ORF4 protein in MNV-1 induced virulence,
genetically engineered viruses harbouring the ORF4 knockout mutation were used to
infect STAT1” mice. Because MNV-1 is associated with a lethal infection in STAT1
" mice, the virulence of mutant viruses can be analysed. The aim of this experiment
was to compare the virulence of M1-v to WT-v by analysing lethality, bodyweight and
viral load at given time points post-infection. Although the lack of ORF4 expression
did not alter the final outcome of MNV-1 infection in STAT1" mice, study of

bodyweight and qPCR analysis of viral load demonstrated that M1-v was attenuated in



Imperial College 113

vivo in comparison to WT-v. As the ORF4 knockout mutation M1 only contained a
single base change in comparison to WT, it was plausible to suggest that M1-v was in
fact restoring ORF4 expression, similar to what was observed upon serial passage in
tissue culture (chapter 3). However, sequencing analysis performed on the tissues and
faeces of two M1-v infected mice revealed that this was not the case.

Analysis by qPCR demonstrated a reduced viral load in M1-v infected tissues on days
3 and 5 post-infection in comparison to WT-v. In combination with weight analysis
data, this suggests that M1-v was attenuated and had thus not replicated as efficiently
as WT-v in the same timeframe (i.e. from infection until tissue harvest). The reason
why such large differences in viral RNA load were seen between infected M1-v
infected mice on day 5 could be that whilst infection was well established in the mouse
with high viral RNA levels, productive viral replication in the remaining three mice
was only beginning to be established. Even if attenuated, it is difficult to explain why
such large differences existed in the onset of disease between individual M1-v infected
mice. Although restoration of ORF4 expression was excluded, one other possible
explanation is that in some animals initial M1-v infection was in fact abortive.
However, once successfully infected mice had developed severe disease and were
excreting large quantities of virus, these sentinel mice then became infected by their
cage companions. To date, no studies have been performed on the transmissibility of
MNV, although the resilience of viral particles to environmental assault and the high
transmission rates of human noroviruses suggest that MNV is also highly transmissible
and could easily be spread between mice from contaminated water, food and fomites.
In future, in order to limit the possibility of interspecies transmission occurring mice
could be housed in the smallest possible group of 2 animals per cage rather than 4.

As MNV-1 infection in STAT1” mice is associated with apoptotic cells in the liver
and intestine (Mumphrey et al., 2007) and as data presented in chapter 7 indicates a
role of the ORF4 protein in the process of apoptosis, it would be important to compare
the tissues of M1-v to WT-v infected STAT1" mice. Although histopathology data
from tissue samples taken from the liver, spleen and small intestine of arbitrarily
selected M1-v and WT-v infected mice was not available at the time of writing, it has
since been established that no difference could be observed between the tissue samples
of M1-v infected and control mice in comparison to WT-v infected mice.

Although studies using this highly virulent MNV strain in STAT1mice gave vital
insights into the attenuated phenotype of M1-v, it must be remembered that MNV-1 is
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unique in the ability to cause lethal infection in severely immunocompromised mice.
As previously described, MNV-1 infection of immunocompetent mice is subclinical
and all other MNV strains are involved in persistent infections of immunocompetent as
well as immunocompromised mice. Consequently, the use of persistent MNV stains
would probably be more representative in elucidating the role of ORF4 during MNV
infection. Indeed, the high genetic conservation of ORF4 between all currently
sequenced MNYV stains (as shown in chapter 3), supports the idea that ORF4 also plays
a role in persistent strains and not just in MNV-1. Because of the lack of widespread
systemic disease caused by non-MNV-1 strains, studies would be limited to analysis of
bodyweight, quantification of viral load in liver, spleen and intestine shortly after
infection, as well as analysis of faecal shedding. Cytokine production in response to
infection could also be analysed. In contrast to the MNV-1 studies in STAT1” mice,
seroconversion to MNV could also be monitored, an aspect which could not be
examined in the STAT1 system as mice die before a protective immune response can
be mounted. Indeed, antibody production is critical for the clearance of MNV (Chachu
et al., 2008b), and a comparative analysis between WT and ORF4 knockout viruses
could yield some interesting results. Therefore, in order to investigate the role of ORF4
in a persistent MNV strain, the ORF4 knockout mutation M1 was built into an MNV-3
infectious clone which was generated in our laboratory. The rescued virus was viable
in tissue culture and did not restore ORF4 expression after passage in tissue culture at
low cell seeding density (data not shown). Although the aim was to investigate the
phenotype of M1-MNV-3 in comparison to WT-MNV-3 in immunocompetent mice,
unfortunately time constraints prevented any further analysis of this mutant virus.

In conclusion, it is clear that loss of ORF4 expression results in a significant fitness
cost to MNV-1 in STAT1” mice. Consequently, the ORF4 protein is strongly
implicated in MNV-1 virulence in immunocompromised STAT1” mice. Although not
required for virus viability in tissue culture or in vivo, the ORF4 protein appears to act
as an accessory virulence factor in STAT1” mice. This phenotype is reminiscent of the
non-essential but enhanced virulent phenotype in infections caused by influenza A
virus harbouring the overlapping reading frame protein PB1-F2 (McAuley et al.,
2007). Lastly, although the use of STAT1" mice gave vital insights into the role of the
ORF4 protein in MNV-1 virulence, future work will focus on understanding the role of
ORF4 in MNV strains which cause persistent infections such as MNV-3.



Imperial College 115

5. Identification of proteins
which interact with

the ORF4 protein
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5.1 Introduction

In order to begin to determine the function of the ORF4 protein, host cell proteins
which interact with the ORF4 protein were identified. There are several methods to
identify host cell interacting proteins to a protein of interest, one of which is tandem
affinity purification. Tandem affinity purification is a protocol which allows the
purification of a tagged protein and associated binding partners from cells under mild
conditions, whilst maintaining protein-protein interactions (Janin & Seraphin, 2003).
This approach has been used to identify and elucidate a number of protein-protein
interactions, from those associated with ribosomal networks (Fleischer et al., 2006, Jao
& Chen, 2006) to proteins required for nuclear pre-mRNA retention and splicing
(Dziembowski & Seraphin, 2004, Dziembowski et al., 2004). The protocol employed
here was developed based on a modified TAP tag designed by Burckstummer et al in
2006, in which the tag consists of two streptococcal immunoglobulin G (1gG)-binding
units of protein G and streptavidin binding peptide (SBP). Like the conventional TAP
tag (consisting of two 1gG-binding units of protein A from Staphylococcus aureus and
a calmodulin binding peptide), the protein G and SBP domains are separated by a
tobacco etch virus (TEV) protease cleavage site (Burckstummer et al., 2006). The
protein of interest and binding partners are purified during a series of
immunoprecipitations as illustrated in figure 5.1. Because the purification is performed
under mild conditions, in many cases direct binding partners are isolated with
associated proteins in a large complex. Purified final samples are then analysed by
mass spectrometry and software such as Mascot can interpret a mass spectrum.,
Obtained peptide molecular masses are combined with sequence data, composition and
fragment ion data (Mann & Wilm, 1994). By scanning databases, the peptide mass
sequences are then used to identify the peptides, which if unique, can subsequently be
categorised to belonging to a particular protein.
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Figure 5.1. Overview of the tandem affinity purification procedure. For a detailed account of the
procedure please refer to the materials and methods section (chapter 2). An abridged version is
described in the text (section 5.1). IP = immunoprecipitation, SBP = streptavidin binding peptide,
TEV = tobacco etch virus cleavage site, Rb = rabbit, IgG = immunoglobulin G.

Another approach to identifying proteins which interact with a protein of interest is
yeast two-hybrid screen. The technique of a yeast two-hybrid screen was originally
described in 1991 (Chien et al., 1991) and employs transcriptional activation of a
reporter gene such as LacZ as a method of screening protein-protein interactions
within the nucleus of yeast cells. Since the first description of this method, many
variations and modifications of the screen have been developed. In the commonly used

LexA screen the DNA binding and transcription activation domains are both derived



Imperial College 118

from yeast. Although this screen has the disadvantage that interactions from closely
related yeast proteins may cause interference from yeast proteins binding to the DNA
binding and activation domains, the screen has successfully identified a number of
protein-protein interactions (Gorska et al., 2006, Stanasila et al., 2006). In an
alternative screen the DNA binding domain of the bait fusions is derived from the
bacterial tetracycline repressor (TetR), whereas the reporter genes URAS3 and LacZ are
under the control of the tetracycline operator, to which TetR binds (Xu et al., 1997).
As for the LexA screen, transcription can only occur when DNA binding domains of
the bait and transcription activation domains of the prey interact. However, because the
TetR DNA binding domain is not derived from yeast, this system reduces endogenous
interference from yeast proteins binding to the DNA binding and activation domains

preventing an interaction between bait and prey.

5.2 Results and Discussion

5.2.1 Tandem affinity purification

5.2.1.1 Generation of stable cell lines

In an attempt to identify host cell factors which interact with the ORF4 protein, a
tandem affinity purification protocol developed by Dr Dalan Bailey for MNV proteins
in 293T cells was employed. 293T cells were used because attempts to generate stable
RAW?264.7 cell lines expressing MNV ORF4 TAP fusion proteins were unsuccessful.
These problems were most likely the consequence of the low transfection efficiency of
the permissive RAW264.7 cells, and the possibility that overexpression of the ORF4
protein is potentially toxic to mouse macrophage cells.

An N-terminal TAP tagged MNV ORF4 expression construct (P(MEP4 NTAP-ORF4)
was generated and used to produce stable 293T cells. Expression of the fusion protein
was regulated by a CdCl, inducible promoter, whereas an Epstein Barr virus (EBV)
origin of replication ensured episomal maintenance by EBNA-1, also encoded by the
plasmid (figure 5.2a). A hygromycin resistance gene ensured the continued selection
of cells expressing the plasmid. Expression of the constructs was detected by western
blot analysis of lysates separated by SDS-PAGE due to the ability of the protein G
contained in the TAP tag to bind 1gG. Overnight induction with CdCl, demonstrated

the inducibility of the system for cells expressing the NTAP tag vector alone (figure
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5.2b). Unfortunately, the NTAP-ORF4 protein was also produced from cells in the
absence of induction, and hence induction had only a small stimulatory effect on the

expression levels (figure 5.2b).
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Figure 5.2. NTAP-ORF4 in the CdClI, inducible system. A) Diagram of the plasmid pMEP4
NTAP-ORF4 used to generate stable 293T cell lines expressing NTAP-ORF4 under a CdCl,
inducible promoter. Stable clones of 293T cells harbouring the plasmid were selected using
hygromycin, whereas an EBV origin of replication and the encoded EBNAL ensured episomal
maintenance. B) Inductions of stably transfected 293T cells expressing NTAP-ORF4 or NTAP.
Cells were induced by the addition of CdCI, for 16 h and lysates from non-induced (NI) and induced
() cells were separated by SDS-PAGE and analysed by western blot using antisera against MNV
which reacted with the protein G domains present in TAP tag.

Although tandem affinity purification was carried out with this CdCl, inducible system
(see below), concerns arose as to the toxicity of CdCl, on the cells following induction,
as even low concentrations of CdCl, can alter gene expression (Cannino et al., 2008).
Consequently, a change in protein expression may have altered the profile of proteins
in the NTAP-ORF4 complex. For these reasons, both C- and N-terminal TAP tag
ORF4 fusion constructs were generated in the tetracycline inducible plasmid
pcDNAA4/TO (figure 5.3a).

293T cells stably expressing the tetracycline repressor (TRex) were transfected with
the tetracycline inducible TAP or TAP ORF4 expression constructs (both C an N-

terminal) and stable, expressing clones were selected (figure 5.3b). In this example
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(figure 5.3b), the ORF4-CTAP clone 2 was chosen, as in the absence of the inducer
(doxycycline) ORF4-CTAP was not detectable, but high levels were observed
following induction. ldentification of clones stably expressing C- or NTAP alone or
NTAP-ORF4 was performed in the same manner (data not shown).
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MNV
ORF4 _ SV40 Ori
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CMV —— pcDNA4TO resistance
promoter ORF4-CTAP
Blasticidin puC Ori
resistance Ampicillin
resistance
B)
Clone 1 Clone 2 Clone 3
NI | NI | NI |
ORF4-
cTAP ™ ) ) - <« 325kDa
Figure 5.3. ORF4-CTAP in the tetracycline inducible system. A) Diagram of the plasmid
pcDNA4TO-ORF4-CTAP used to generate ORF4-CTAP stable 293T TRex cells expressing the
tetracycline repressor. Expression of ORF4-CTAP was under the control of a tetracycline inducible
CMV promoter. Stable cell lines expressing the plasmid were selected for with zeocin and blasticidin
B) Western blot analysis demonstrating ORF4-CTAP inductions. Cells were induced by adding
doxycycline for 16 h and lysates of non-induced (NI) and induced (I) cells were separated by SDS-
PAGE and analysed by western blot.

5.2.1.2 Identification of ORF4 protein interacting host cell proteins

After stable cell lines had been generated, the TAP protocol (figure 5.1) was employed
in order to identify ORF4 protein binding partners. After the purification procedure
(please refer to chapter 2 for details), 15% of the final eluate was separated by SDS-
PAGE and silver stained, whilst the remaining 85% was separated by SDS-PAGE and
Coomassie stained. After staining, Coomassie stained bands were excised and were
sent for mass spec to enable subsequent identification by Mascot peptide sequence
query. The identification of peptides within individual Coomassie stained excised
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bands was used to identify bands on silver stained gels which had been run side by
side.

A silver stained SDS-PAGE gel of the final eluate of the TAP purification of NTAP-
ORF4 and NTAP alone in the CdCl, inducible system can be seen in figure 5.4. This
purification was performed in conjunction with Dr Dalan Bailey and other lab
members, as the procedure was performed on almost all MNV proteins
simultaneously. Comparative SDS-PAGE analysis (figure 5.4) between the final
eluates for NTAP-ORF4 and NTAP revealed a number of proteins specific for NTAP-
ORF4. Due to the high number of proteins identified in the ORF4 complex, only a
subset is highlighted in figure 5.4. The proteins in this subset are mainly proteins with
high Mascot score, which were identified in the NTAP-ORF4 purification but not in
the purification of other MNV proteins, although exceptions are the case, especially in
examples where a number of related proteins were identified as unique NTAP-ORF4
interacting proteins. The remainder of the identified proteins not highlighted are
contained within appendix 2 and 3, which lists the identified proteins based on scoring
of the peptide sequences by Mascot sequence query. Appendix 2 contains proteins
only identified by NTAP-ORF4, whilst appendix 3 lists NTAP-ORF4 binding proteins
which were also identified in the TAP purification of other MNV proteins. It is
important to remember that the proteins were identified in a large scale screen, and a
direct interaction between NTAP-ORF4 and all the identified proteins is likely not to
be the case. Therefore, this analysis not only identified proteins likely to interact with
the ORF4 protein directly, but also those which bind indirectly via the direct binding
partners. For all of the MNV proteins, Mascot sequence query identified keratin as a
contaminant in many samples. Several proteins, particularly tubulin and heat shock
proteins were present in virtually all MNV and NTAP final eluates. Consequently,
these proteins were not incorporated into the final list of proteins identified in the
NTAP-ORF4 screen. However, an exception to this is tubulin, as a much more
substantial quantity of tubulin was observed in the case of NTAP-ORF4 than seen for
any of the other MNV proteins. Therefore, tubulin was incorporated into the list of
proteins isolated in the NTAP-ORF4 complex, as tubulin is also potentially involved in
the function of the ORF4 protein (discussed in section 5.2.1.2). Based on peptide
sequencing, 49 unique and 47 other proteins were identified in the NTAP-ORF4
purification, extensive lists of which are contained within appendix 2 and 3.
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ZFP294; proteasome associated ECM29

Importin 7,8,9; Exportin 1,5; RanBP6
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Figure 5.4. Silver stained SDS-PAGE gel of the final eluate of the TAP purification of NTAP-ORF4 and NTAP alone. TAP purification procedure, SDS-
PAGE and Coomassie / silver stain were performed in collaboration with Dr Dalan Bailey for NTAP-ORF4 and other MNV proteins. By carrying out the SDS-
PAGE at the same voltage for an equal duration, a direct comparison between identified proteins in the excised bands and their relative location on the silverstained
gel could be drawn. Asteriks indicate the locations of NTAP or NTAP-ORF4. The location of the gel segments excised and sent for mass spec are depicted by the
boxes to the left of the protein listings. Note: Although this list covers a great majority of identified proteins, a complete list of NTAP-ORF4 interacting proteins can

be found in appendix 1 and 2.
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When analysing the number of identified proteins, the vast majority could be divided
into four categories based on cellular location and function as highlighted in figures
5.4. These included mitochondrial, nuclear, Golgi/ER as well as proteosomal proteins
and their various functions and possible role of the MNV life cycle are discussed
below. Importantly however it must be remembered that only a very small number of
these proteins are likely to represent authentic binding partners and very few
interactions would likely be maintained under high stringency binding
conditions. Therefore, the discussed consequences of many interactions are highly
speculative and require further investigation. Currently there is no direct evidence for
an involvement of any of the discussed proteins in ORF4 protein function, and it is
hoped that interactions for a number of proteins will be confirmed in the future.

5.2.1.2.1 Mitochondrial proteins

Of the mitochondrial proteins identified, several are involved in mitochondrial import,
whereas others can be linked to apoptosis via the mitochondrial pathway. In order to
aid the understanding of the locations of the identified proteins an overview of
mitochondrial import can be seen in figure 5.5.
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Figure 5.5. Diagram of mitochondria and brief overview of the mitochondrial import pathways.
A) Mitochondria contain both an outer and an inner membrane. The space between the two membranes
is referred to as the intermembrane space, whilst the matrix is surrounded by the inner membrane, which
forms protrusions into the matrix also known as cristae. Various transport pathways are required to
import mitochondrial proteins to their target destination. Diagram downloaded from
http://cosmology.com/images. B) Matrix, inner mitochondrial membrane (IMM) and outer
mitochondrial membrane (OMM) proteins all employ distinct transport pathways. In all cases, the first
stage of import is mediated by the transport of outer mitochondrial membrane (TOM) complex, which
transports proteins across the OMM. Matrix proteins which contain an N-terminal presequence are
directly passed on to the transport of inner mitochondrial membrane 23 (TIM23) complex, which is
associated with the presequence translocase associated import motor (PAM) complex. Presequences are
removed by the mitochondrial processing peptidase (MPP). Presequence containing IMM proteins also
pass through the TIM23 complex, whereas those with internal localisation signals bind to small Tims (9-
10 and 8-13) upon passing though the OMM. The small Tim chaperones deliver IMM proteins to the
TIM22 complex responsible for IMM insertion. Upon traversing the TOM complex, OMM targeted
proteins also bind small Tims and OMM proteins are inserted to the OMM via the sorting and assembly
machinery (SAM) complex. HSP = heat shock protein
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A number of mitochondrial import proteins were identified in the NTAP-ORF4
complex, including the transport of outer mitochondrial membrane protein Tom70, as
well as the transport of inner mitochondrial membrane proteins Tim5, Tim13 and
DnaJ, which associates with the import machinery. Tom70 functions as a receptor for
proteins destined for mitochondrial import and is N-terminally anchored to the outer
mitochondrial membrane (OMM) (Mokranjac & Neupert, 2009). Tom70 is mainly
responsible for binding precursors of inner mitochondrial membrane proteins which
contain internal localisation signals rather than a pre-sequence (Mokranjac & Neupert,
2009, Rehling et al., 2004, Yamamoto et al., 2009). Whilst the N-terminus of Tom70
interacts with cytosolic chaperones such as Hsp70 and Hsp90 (also identified in the
NTAP-ORF4 complex), the C-terminus interacts with the chaperone-bound proteins
targeted for mitochondrial import (Mills et al., 2009, Mokranjac & Neupert, 2009).
Following binding, proteins are passed on to the multimeric TOM complex, also
known as the general insertion pore (GIP), which consists of a number of Tom
proteins as well as chaperones (Mokranjac & Neupert, 2009). Whilst still in the TOM
complex, those proteins targeted for insertion into the OMM and IMM bind to small
Tims in the intermembrane space (Tims9-10 and Tims8-13) (Mokranjac & Neupert,
2009, Rehling et al., 2004). These Tims (of which Timl13 was identified as a
component of the NTAP-ORF4 complex) act as chaperones which deliver the proteins
destined for OMM or IMM insertion to the relevant insertion complex (Mokranjac &
Neupert, 2009).

Another identified protein, Tim50 is an integral membrane protein preset on the
intermembrane side of the inner mitochondrial membrane (IMM). Tim50 forms part of
the transport of inner mitochondrial membrane complex by binding to the multimeric
TIM23 complex (Rehling et al., 2004). Tim50 is believed to bind proteins with
presequences coming from the TOM complex and direct them to the pore-forming
TIM23 complex in the IMM (Rehling et al., 2004). The energy demand for this active
transport process is met by the presequence translocase associated import motor
(PAM) complex, responsible for ATP hydrolysis (Rehling et al., 2004). By binding to
the PAM complex, DnaJ-like proteins (also identified as a component of the ORF4-
containing complex) stimulate ATP hydrolysis (Rehling et al., 2004).

The identification of such a vast number of mitochondrial import proteins associated
with OMM transport as well as IMM transport strongly suggests that the ORF4 protein
is targeted to the IMM. However, a bioinformatic approach could not identify a
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mitochondrial targeting sequence (MTS) within the ORF4 protein, although a non-
canonical MTS may be present (discussed in detail in chapter 6). Alternatively, the
ORF4 protein may associate with the mitochondrial proteins discussed below, and
hence the import proteins may not directly bind to NTAP-ORF4 but rather bind as a
consequence of being in a complex with NTAP-ORF4 associated proteins.
Interestingly, many of the identified mitochondrial proteins which are not directly
involved in the mitochondrial import pathways could be associated with the process of
programmed cell death (apoptosis). Given the fact that MNV infection has been
associated with the induction of apoptosis via the mitochondrial pathway in
RAW264.7 cells (Bok et al., 2009, Furman et al., 2009), these findings were of
considerable interest. Of the identified proteins, mitochondrial heat shock protein 60
(Hsp60) was originally described as a mitochondrial chaperone which interacts with
Hspl10 and Hsp70, aiding protein folding after mitochondrial import through both the
OMM and IMM (Cappello et al., 2008, Ostermann et al., 1989). Although Hsp60 is not
exclusive to the mitochondria, mitochondrial release of Hsp60 upon stimulation of
apoptosis has been demonstrated (Chandra et al., 2007). Hsp60 has been implicated in
pro-survival (Chandra et al., 2007, Ghosh et al., 2008, Gupta & Knowlton, 2002,
Kirchhoff et al., 2002) as well as pro-death functions (Chandra et al., 2007,
Xanthoudakis et al., 1999), which may vary between tissues, cell types as well as
apoptotic stimuli. Because of these differences, it is difficult to speculate on the
consequences of an interaction between the ORF4 protein and Hsp60, and further
investigations would be required.

Another identified apoptosis-associated protein was AlF. AIF has been associated with
both the intrinsic and extrinsic pathways of apoptosis induction and was the first
protein shown to induce apoptosis via the mitochondrial pathway in the absence of
caspases (Joza et al., 2001, Modjtahedi et al., 2006, Yu et al., 2009). Mitochondrial-
mediated caspase-independent apoptosis has recently been termed parthanatos (Yu et
al., 2009). Under normal cellular conditions, AIF is a mitochondrial protein with FAD
associated oxioreductase activity (Modjtahedi et al., 2006). Upon apoptotic stimuli,
AIF exits the mitochondria and translocates to the nucleus, where the protein plays a
role in chromatin condensation and high molecular weight DNA fragmentation
(Andrabi et al., 2006, Modjtahedi et al., 2006, Susin SA, 1999). During the process of
apoptosis, mature AIF binds to the translation initiation factor 3 subunit elF3g (Kim et
al., 2006). elF3g plays a key role in the large elF complex in recruiting the initiator
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methionyl-tRNA and mRNA to the 40S ribosomal subunit. The interaction between
elF3g and AIF inhibits translational initiation, and thus AIF plays a role in shutting off
host cell protein synthesis during apoptosis (Kim et al., 2006). Similar to many
mitochondrial proteins, AIF is translated as a 67 kDa precursor protein with an N-
terminal MTS (Modjtahedi et al., 2006, Susin SA, 1999). Upon mitochondrial import,
the MTS is cleaved off, and until very recently it was believed that mature AIF
localised exclusively to the IMM as the 62 kDa form lacking the MTS. Upon apoptotic
stimuli AIF is released from the IMM by cleavage to produce a 57 kDa soluble version
(Yu et al., 2009). However, it has recently been demonstrated that approximately 30%
of AIF localises to the OMM and that around 20% of this uncleaved AIF also
translocates to the nucleus (Yu et al., 2009). The mechanism by which AIF locates to
the OMM is unknown, but may involve retrograde movement of partially processed
AIF through the OMM, as is seen for yeast fumarase (Knox et al., 1998, Yu et al.,
2009).

An interaction between AIF and the ORF4 protein could be interesting from two
aspects. Firstly, the ORF4 protein may directly interfere with the involvement of AlF
in the processes of apoptosis during MNV infection. Supporting this hypothesis are
results from co-localisation studies between the ORF4 protein and AlF (chapter 6), as
well as the demonstration that the ORF4 protein is involved in the process of apoptosis
during infection (chapter 7). Secondly, as elF3 is required not only for host but also for
viral translation (Daughenbaugh et al., 2003), it is possible that competitive binding of
AIF to the ORF4 protein prevents the interaction between AIF and elF3, thus
translation is maintained for as long as possible during the course of viral induced
apoptosis. This would most certainly explain why viral translation was reduced from
15 h post-infection in cells infected with the ORF4 knockout virus (chapter 3). As will
be shown in detail in chapter 7, these differences in protein expression also coincide
with apoptosis induction during MNV infection.

The isolated mitochondrial ATPase subunit alpha forms part of the electron transport
complex which employs the mitochondrial membrane potential to generate ATP.
Interestingly, studies have shown that expression of mitochondrial ATPase subunit
alpha was enhanced upon stimulation of apoptosis and is probably related to an
increased requirement for ATP in order to undergo apoptosis (Singh & Khar, 2005).
Consequently, binding or sequestering of the subunit by the ORF4 protein may impair
ATPase activity. This could result in the cells not containing sufficient ATP to execute
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apoptosis as swiftly as possible during the course of infection, supporting evidence of
which can be found in chapter 7.

Interestingly, although tubulin was present in virtually all samples, an extremely high
score for various peptide components of tubulin were seen for one of the NTAP-ORF4
samples. The corresponding section on the silver stained gel also showed intense
staining in comparison to NTAP alone for which tubulin was also identified at this
position (figure 5.4). Hence, in this case tubulin may in fact authentically bind either
directly or indirectly to NTAP-ORF4. Although highly ubiquitous, tubulin also
localises to the mitochondrial membrane and has been shown to associate with the
VDAC (Carre et al., 2002). VDAC is one of the many components of the permeability
transition pore (PTP), which spans from the OMM to the IMM. Upon stimulation of
apoptosis, the PTP is essential for mitochondrial membrane permeabilisation, which
releases proapoptotic molecules such as cytochrome c, AlIF, or Smac/Diabolo from the
mitochondria (Carre et al., 2002). Therefore, a potential interaction between NTAP-
ORF4 and the VDAC-associated tubulin could possibly serve to interfere with or even
block the VDAC. This block would in turn delay the process of apoptosis, as many
executioners of apoptosis would be unable to exit the mitochondria. Once again,
evidence presented in chapter 7 could lend support to this theory.

The antiapoptotic HCLS1 associated protein X-1 (HAX-1) was also identified in the
NTAP-ORF4 purification. HAX-1 associates with Omi/HtrA2, the proapoptotic serine
protease which upon stimulation of apoptosis cleaves HAX-1, exits the mitochondria
and induces apoptosis by caspase dependent as well as independent mechanisms
(Cilenti et al., 2004). Antiapoptotic HAX-1 also acts as an effective inhibitor of
caspase 9, one of the key components of apoptosis induction, also reported to be
activated upon MNV-1 infection of RAW264.7 cells (Bok et al., 2009, Furman et al.,
2009, Han et al., 2006). Interestingly, HAX-1 is the target for a number of viral
proteins, and the potential interaction between the ORF4 protein and HAX-1 may
share functional similarities. Kaposi’s sarcoma-associated herpesvirus (KSHV) ORF
K15 protein co-localises with HAX-1 in the mitochondria and ER and has been shown
to interact with HAX-1 (Sharp et al., 2002). However, a positive or negative effect on
the ability of K15 to interfere with HAX-1 inhibited apoptosis remains to be
demonstrated (Sharp et al., 2002). Furthermore, the proapoptotic Vpr protein of HIV
also interacts with HAX-1, and over-expression of Vpr leads to the depletion of HAX-
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1 from the mitochondria, which possibly contributes to the ability of Vpr to disrupt

mitochondrial membrane potential and induce apoptosis (Yedavalli et al., 2005).

5.2.1.2.2 Nuclear and nuclear associated proteins

In addition to the mitochondrial proteins discussed above, several nuclear proteins
were also isolated using NTAP-ORF4. These include components and associated
proteins of the nuclear pore complex such as nucleoporins (NUPs), as well as nuclear
importins and exportins (figure 5.4). Transport of proteins greater than 40 kDa into the
nucleus is achieved by active transport across the nuclear pore, a large nuclear
membrane spanning multimeric complex (Stewart et al.,, 2001). Nuclear import
requires binding of the target protein to import proteins (known as importins) via a
nuclear localisation signal (NLS). Once in the nucleus, importins need to be recycled,
which frequently requires export molecules (exportins). Exportins also function to
export proteins targeted into the cytoplasm from the nucleus. In order to understand the
relevancy of the proteins identified by TAP, a brief overview of the processes of
nuclear transport and associated components can be seen in figure 5.6 (adapted from
Stewart et al., 2001).

Disruption of nuclear transport is used by many viruses to perturb the host antiviral
response, including poliovirus (Belov et al., 2003, Tolskaya et al., 1995), vesicular
stomatitis virus (VSV) (Fontoura et al., 2005) and HCV (Chung et al., 2000). One of
the identified proteins, NUP160 is a central core component of the NPC (Glavy et al.,
2007, Vasu et al., 2001) and aladin was also recently identified as a constituent of the
NPC (Kind et al., 2009). Interestingly, NUP160 associates with NUP107, which was
identified in an ORF4 protein yeast two-hybrid screen (described later in this chapter).
The isolated NUP205 is a member of the NUP93 subcomplex which is thought to
regulate and stabilise NPC assembly (Krull et al., 2004).
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Figure 5.6. Brief overview of the nuclear transport pathway. Importin o subunits associate
with proteins with nuclear localisation signals (NLSs) in the cytoplasm and this stimulates the
association with the importin B subunit (Stewart et al., 2001). The trimeric complex then
translocates into the nucleus, where disassociation of the carrier from the protein is achieved by
binding of RanGTP to importins. Subsequent export may require the binding of exportins (EXP)
such as exportin 2 which shuttle from the nucleus to the cytosol. Upon reaching the cytoplasm,
importins are released at the expense of RanGTP hydrolysis, and RanGDP is imported back into
the nucleus, where conversion to RanGTP occurs though the activity of Ran GEF (guanine
nucleotide exchange factor). Diagram adapted from a review (Stewart et al., 2001).

Nuclear transport proteins, known as importins or exportins are frequently referred to
as Ran binding proteins (RBPs) due to their ability to bind RanGTP. The importins
identified in the NTAP-ORF4 purification include importin B, as well as the p-related
importins 7, 8, 9, and 13. Whereas importin § binds to cargo bound adaptor molecules
such as importin a, the importin B-related receptors specifically and directly bind the
designated cargo without the aid of adaptor proteins (Waldmann et al., 2007). In

addition to nuclear import, importin 13 also possesses exportin activity (Mingot et al.,
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2001), and importin 7, 8, and 9 have all been shown to bind RanGTP which is required
for export (Gorlich, 1998, Gorlich et al., 1997, Waldmann et al., 2007). Unfortunately,
little is known about the function of the isolated Ran-binding protein 6 (RanBP6).
However, as database searches revealed that RanBP6 shares sequence similarities to
the importin B subfamily and also contains Huntington-elongation-A subunit-TOR
(HEAT) repeats, RanBP6 is equally thought to have importin/exportin activity (data
not shown). HEAT repeat containing proteins are proteins which contain 37-43 amino
acid residues in tandem motifs of between 3 and 22 repeats (Groves et al., 1999).
HEAT repeat domains are a common component of importins and exportins (Fukuhara
et al., 2004). Consequently, the identified HEAT repeat domain containing protein is
also likely to be involved in nuclear transport.

Similarly, many exportins were isolated, such as the abundant exportin 2, which is
used to re-export the importin-o. subunit (Stewart et al.,, 2001). Exportin 5 is
responsible for the nuclear export of RNA binding proteins and non-coding RNA
(Calado et al., 2002, Chen et al., 2004, Kim, 2004). Other proteins isolated by NTAP-
ORF4 include the tRNA specific exportin T (Arts et al., 1998) and an exportin 1 like
protein. Interestingly, exportin 1 (also known as crml) binds to and exports survivin,
an antiapoptotic protein (Mita et al., 2008, Stauber et al., 2006). In light of the fact that
survivin is down-regulated during MNV infection (Bok et al., 2009), the identification
of exportin 1 could indicate that by binding exportin 1, the ORF4 protein prevents
survivin nuclear export upon apoptosis. Interestingly, western blot analysis has shown
that survivin is indeed down-regulated more rapidly in cells infected with the ORF4
knockout virus in comparison to WT MNV (details in chapter 7). This may serve to
delay the process of apoptosis induction seen in MNV-1 infected cells (evidence for
which is presented in chapter 7), although overall MNV-1 infection is associated with
the down-regulation of survivin and the induction of apoptosis (Bok et al., 2009).
However, as shown, a great number of exportins and importins were identified in the
NTAP-ORF4 purification; hence the binding to an exportin 1-like protein may be
completely unrelated to survivin activity, and survivin itself was not isolated by
NTAP-ORFA4.

Overall, similar to the identification of many mitochondrial import proteins, the
association between NTAP-ORF4 and a number of nuclear transport proteins was of
considerable interest and immediately raised the question whether or not the ORF4
protein localises to the nucleus or NPC. Although unlikely that the ORF4 protein
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directly associates with such a vast diversity of transport molecules, it may well be that
association of the ORF4 protein with the NPC led to the co-purification of a number of
transport proteins with their associated cargo.

Other isolated nuclear proteins include several DNA binding proteins and repair
enzymes, which of course are targeted to the nucleus. Of these, Fanconi anemia group
D2 (FANCD?2) and the related group I (FANCI) proteins are involved in the repair of
double-stranded DNA breaks which occur during DNA replication, presumably by
interacting directly with the DNA repair protein RAD51 (Niedernhofer et al., 2005,
Smogorzewska et al., 2007, Yang et al., 2005). There are a number of Fanconi anemia
group proteins which form part of a nuclear E3 ubiquitin ligase, responsible for
activation of FANCD2 (Patel & Joenje, 2007, Smogorzewska et al., 2007). Of this
multimeric complex, it is interesting to note that Fanconi anemia group C (FANCC)
protein has antiapoptotic activity by binding to and phosphorylating STAT1
(Cumming et al., 2001, Pang et al., 2000). Interestingly, a FANCC binding partner
(FANZF) was identified in the ORF4 protein yeast two-hybrid screen. Although
antiapoptotic activity has not been recorded for other Fanconi anemia group members,
a role in apoptosis can not be ruled out and many of these proteins are still being
identified and characterised.

RuvB-like 1 and RuvB-like 2 proteins are both ATP binding proteins which function
in scaffolding and chromatin remodelling. RuvB-like proteins regulate DNA access of
various enzymes, including those involved in DNA repair, transcription and mitosis
(Jha & Dutta, 2009). Interestingly, Ruv B-like proteins also regulate expression of the
oncogenic and apoptosis inducing transcription factor c-Myc (Jha & Dutta, 2009). The
ATPase Werner helicase interacting protein 1 (WRNIP1) has DNA helicase and
exonuclease activities. WRNIP1 interacts directly with poly (ADP-ribose) polymerase
1 (PARP), which binds both single and double-stranded DNA breaks and catalyses
their repair (Comai & Li, 2004). Although PARP has antiapoptotic DNA repair
activity, extensive DNA damage actually results in PARP inducing apoptosis, through
the accumulation and nuclear exit of poly ADP ribose (PAR), a by-product of PARP
activity. Released PAR locates to the mitochondria, resulting in the release of AIF thus
triggering apoptosis, which takes place in a caspase-independent manner (Andrabi et
al., 2006, Comai & Li, 2004).

Although these DNA repair enzymes may simply have been cargo of the isolated
transport molecules, it is possible that the ORF4 protein localises to the nucleus
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(supporting evidence in chapter 6) and directly interacts with a number of DNA repair
enzymes which are involved in the process of apoptosis. Although DNA repair
enzymes have antiapoptotic activity, it could be that similar to PARP, many of these
enzymes are actively involved in the induction of apoptosis upon excessive DNA
damage. In the case of WRNIP1 for example, it could be speculated that recruitment of
WRNIP1 by the ORF4 protein may serve to block PARP-WRNIP1 interaction, thus
delaying the accumulation of apoptosis-inducing PAR.

5.2.1.2.3 Golgi and endoplasmic reticulum (ER) transport proteins

The other group of proteins identified in the NTAP-ORF4 purification were enzymes
of the Golgi and ER transport pathways. These included a number of non-clathrin-
coated vesicular coat proteins (COPs), such as COPA, COPB1 and a COPG similar
protein, all of which form part of the COPI transport system (Breakspear et al., 2007).
The COPI transport system is required for the retrograde transport of proteins within
the Golgi and from the Golgi to the ER (Manolea et al., 2008, Nebenfuhr et al., 2002).
The COPII transport system on the other hand is used in transport from the ER to the
Golgi, and employs proteins distinct from COP proteins (Barlowe, 1995, Manolea et
al., 2008). From the COPII transport system, a Sec22-like protein was isolated. Sec22,
a vesicle specific receptor is a key component in ER to Golgi transport and recycling
of Secc22 to the ER in turn is COPI dependent (Ballensiefen et al., 1998, Mancias &
Goldberg, 2007). COP binding to the membranes and subsequent budding of vesicles
requires the activity of small GTPases, known as ADP-ribosylation factors (ARFs), of
which ADP-ribosylation factor-like 5A (ARL5A) was isolated. ARFs in turn are
regulated by guanine nucleotide exchange factors (GEFs), such as the identified
Brefeldin A-inhibited guanine nucleotide-exchange protein 1 (BIG1) (Manolea et al.,
2008, Orci et al., 1993, Zhao et al., 1997). BIG1 localises to the Golgi complex and
plays a role in the recruitment of COPI, clathrin and adaptor proteins, which are
required for packaging (Manolea et al., 2008, Nebenfuhr et al., 2002). Brefeldin A is a
fungal antibiotic which inhibits the assembly of coat proteins onto Golgi membranes
(Robinson & Kreis, 1992) and previous studies have shown that MNV is not sensitive
to Brefeldin A (Hyde et al., 2009). Of course, the identification of these transport
proteins immediately raised the question whether or not the ORF4 protein localised to
the ER/Golgi network, supporting evidence of which can be found in chapter 6.
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ER/Golgi localisation may be transient or could simply be a consequence ORF4
translation occurring on ER membranes. Although posttranslational modification is
possible, there is currently no bioinformatic or in vitro evidence to suggest that the
ORF4 protein is posttranslationally modified.

5.2.1.2.4 Binding partners associated with proteosomal degradation

Lastly, a number of proteins involved in proteosomal degradation were isolated,
including ubiquitin and zinc finger protein 294 (ZNF294), which also plays a role in
the ubiquitination process (Ivanov et al., 2007). Rapid ubiquitination and proteosomal
degradation of cytotoxic viral proteins such as influenza A virus PB1-F2 protein has
been demonstrated (Chen et al., 2001). Sometimes, ubiquitinated proteins can escape
proteosomal degradation by removal of ubiquitin (Komander et al., 2009). An example
of a deubiquitinase enzyme is FAF-X, which was identified with a high Mascot score.
FAF-X, also known as FAM or USP9x removes ubiquitin associated with proteins
targeted for proteosomal degradation (Dupont et al., 2009, Nathan et al., 2008). The
identification of these proteosomal proteins may be the consequence of overexpression
leading to ubiquitination and proteosomal degradation of NTAP-ORF4.

5.2.1.2.5 Other identified NTAP-ORF4 binding partners

Other proteins identified from the NTAP-ORF4 complex could not be localised to the
four described cellular locations (mitochondria, nucleus, ER/Golgi or proteosome).
Indeed, the protein which obtained the highest Mascot score was the translational
regulator general control of amino-acid synthesis 1-like protein (GCN1). In response to
cellular stress such as amino acid starvation, phosphorylation of elF2 results in the
down-regulation of general translation but in the up-regulation of selective translation
(Holcik & Sonenberg, 2005). Phosphorylation of elF2 occurs through GCN2, which is
activated by GCN1 (Kubota et al., 2001, Marton et al., 1997). An example of a
translationally upregulated gene is the transcriptional activator GCNA4. Increased levels
of GCN4 in turn leads to increased binding of GCN4 to the promoter region of several
genes involved in amino acid biosynthesis (Kubota et al., 2001, Marton et al., 1997). It
is therefore possible that binding of the ORF4 protein to GCN1 prevents the
subsequent activation of GCN2, inhibiting or delaying elF2 phosphorylation. In viral
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infected cells this would consequently mean that general translation is not down-
regulated even though the cell is subject to a large amount of stress resulting from viral
infection. As discussed previously, MNV translation requires numerous host
translation factors, and so prolonging host translation is beneficial to the virus. To date,
the role of the ORF4 protein in translation has not been characterised, although as
discussed in chapter 3, the ORF4 knockout virus displays reduced viral translation in
cells infected at high density from 15 hours onwards. This effect may well be due to
the discussed interaction between AIF and the ORF4 protein as well as an interaction
between GCN1 and the ORF4 protein. Although in tissue culture this reduction in
translation was not associated with a difference in virus yield between the mutant and
wild-type virus, and could only be observed when cells were seeded at a high density,
this may not be the case in vivo, where ORF4 knockout viruses displayed an attenuated
phenotype (chapter 4).

Insulin receptor substrates (IRSs), including the identified IRS4 undergo tyrosine
phosphorylation upon receptor binding of various substances such as insulin, growth
factors as well as cytokines (Uchida et al., 2000). Upon stimulation, phosphorylated
IRSs bind to SH2 domain-containing proteins such as PI3 kinase (Uchida et al., 2000).
Bound PI3 kinase in turn activates several serine/threonine kinases, which play a role
in a number of metabolic processes, including glucose transport and glycogen
metabolism, as well as apoptotic signalling (Uchida et al., 2000). Although IRS1 and
IRS2 have been shown to posses antiapoptotic activity under certain conditions
(Uchida et al., 2000, Zhou et al., 2000), the role of IRS4 in apoptosis is less clear and
proapoptotic (Uchida et al., 2000) as well as antiapoptotic functions (Cuevas et al.,
2009) of IRS4 have been reported. Consequently, it would be difficult to speculate on
the outcome of an interaction between IRS4 and the ORF4 protein, although an
involvement in apoptosis may well be the case.

The identification of the cytosolic M2 type pyruvate kinase was interesting as it is a
known target for other viruses. Pyruvate kinase is a glycolytic enzyme which transfers
phosphate from phosphoenolpyruvate to ADP, thus generating ATP and pyruvate
(Mazurek et al., 2005). As proliferating cells and virus replication preferentially
require cellular metabolites over maximum ATP, pyruvate kinase isozymes are
employed. These isozymes have a reduced phosphoenolpyruvate substrate specificity,
thus allowing the accumulation of glycolytic precursor molecules (Mazurek et al.,
2005). In order to drive the expression of these precursor molecules in favour of
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glycolytic intermediate metabolites, a number of viral proteins target pyruvate kinases.
The HCV RNA-dependent RNA polymerase NS5B specifically associates with M2
type pyruvate kinase and down-regulation of M2 type pyruvate kinase inhibits HCV
replication (Wu et al., 2008). In human papillomavirus 16 (HPV-16) infected cells, the
transforming potential of the E7 oncoprotein has been linked to the specific interaction
with M2 type pyruvate kinase (Mazurek et al., 2001, Zwerschke et al., 1999). Because
E7 promotes expression of an enzymatically less active form of M2 type pyruvate
kinase, cell division is stimulated, thus resulting in the observed transforming tendency
(Mazurek et al., 2001). Similarly, a link between M2 type pyruvate kinase and the
transforming potential of Rous sarcoma virus has also been demonstrated. In this case
the viral v-src protein stimulates tyrosine phosphorylation of M2 type pyruvate kinase,
leading to a reduced affinity of M2 type pyruvate kinase for phosphoenolpyruvate
(Presek et al., 1988). Although there is no data or experimental evidence to suggest
that MNV is an oncogenic virus, the ability to alter the cell cycle phase may very well
be beneficial for the wvirus, for example in providing copious amounts of
transcription/translation factors in the G1/G2 phase. If this is the case, the question
whether or not the ORF4 protein is involved in this process remains to be investigated.

5.2.2 Yeast two-hybrid screen

In a further attempt to identify binding partners of the ORF4 protein, a commercial
yeast two-hybrid screen using both the previously described LexA and TetR based
systems was carried out by the company Proteinlinks. It must be noted that this work
was entirely undertaken by the company, but as the results have great relevance to the
potential function of the ORF4 protein, the data was included in this thesis. In order to
investigate protein-protein interactions for the MNV ORF4 protein, a library of 1.4 x
10" cDNA clones derived from mouse spleen was screened for the ability to interact
with a truncation representing amino acids 1-176 of the ORF4 protein. The truncated
version of the protein was employed as a full-length version of the ORF4 protein failed
to transform into yeast, potentially due to toxicity.

The ORF4 yeast two-hybrid screens identified a number of interacting proteins (table
5.1). An extensive list and the identity of the clones from transformed yeast colonies
gown on selective media can be seen in appendix 4 and 5. Unfortunately, the analysis

of sequences revealed that repeatedly identified proteins were identical cDNA clones.
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As for the TAP analysis, there is currently no direct evidence to suggest any of the
identified interactions are authentic. It is therefore unlikely that these proteins would
maintain the interaction with the ORF4 protein under high stringency binding
conditions. Consequently, future work will focus on further characterising these
interactions. For completeness of this thesis all identified proteins are discussed and
the consequences of a potential interaction with the ORF4 protein are hypothesised.
The LexA screen only identified FAZF, a DNA binding transcriptional repressor
(Hoatlin et al., 1999). Investigations into the function of FAZF (Dai et al., 2002,
Reuter et al., 2003) revealed that FAZF interacts directly with FANCC. Given the fact
that FANCC has antiapoptotic activity and studies have shown that overexpression of
FAZF leads to apoptosis (Dai et al., 2002), these findings were of considerable
interest. As mentioned previously, FANCD2 and the related FANCI were both
identified in the NTAP-ORF4 purification. Although FAZF was not purified by
NTAP-ORF4, the protein may not have been stable in the complex and may have
become disassociated during the purification procedure. Another explanation is that
sufficient quantities of FAZF were not present in the complex for positive
identification by Mascot sequence query. In terms of understanding the consequences
of a potential interaction between the ORF4 protein and FAZF, it could be that this
interaction serves to delay apoptosis by preventing an interaction between FAZF and
FANCC. Once again, this speculation is purely hypothetical and would of course
require further investigation.

In contrast to the LexA screen, the ORF4 protein TetR based screen identified a
number of proteins (table 5.1). Overall, RNA binding motif proteins are involved in
RNA stabilising and processing events such as export, splicing and translation, but an
increasing number also play a role in apoptosis (Martinez-Arribas et al., 2006,
Sutherland et al., 2005). Interestingly, the identified RNA binding motif protein, X-
linked (Rbmx) has been associated with expression of the proapoptotic Bax protein
(Martinez-Arribas et al., 2006), a process which could possibly be disrupted by an
interaction between Rbmx and the ORF4 protein.

Another RNA binding protein to be identified was pre-mRNA processing factor 8
(PRP8). PRP8 is an RNA-binding co-factor involved in splicing pre-mRNAs in the
spliceosome complex (Ritchie et al., 2008, Wachtel & Manley, 2009). Intriguingly, a
proapoptotic protein known as apoptosis regulated protein 2 (ARP2), found in Xenopus
laevis oocytes demonstrated 99% homology with a small fragment (18%) of the total
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PRP8 cDNA sequence (Tapia-Vieyra et al., 2005). To date it has not been investigated
whether PRP8, or indeed a potential cleavage product has proapoptotic activity, and
hence further investigation could potentially yield some extremely interesting results.
Pre-B-cell leukaemia transcription factor interacting protein 1 (PBX1) acts as a
transcriptional activator and has been shown to regulate transcription of the anti-
inflammatory cytokine interleukin 10 (IL-10), which is produced in response to
apoptosis (Chung et al., 2007). PBX1 was initially identified as an oncogene at a site
of chromosomal translocations and was also shown to play an essential role in
haematopoiesis (DiMartino et al., 2001). PBX1 also acts as a transcriptional activator
of integrated retroviruses such as Moloney murine leukaemia virus (MMLV), with
down-regulation of PBX1 or mutation of the MMLV PBX1 binding site associated
with reduced transcription (Chao et al., 2003). Consequently, binding of the ORF4
protein to PBX1 may serve to prevent the transcription of genes involved in apoptosis.
Interaction of the ORF4 protein with the nucleoporin NUP107 was of considerable
interest, as several nucleoporins and nuclear transport proteins were identified during
the TAP tagging analysis. As described previously, the nuclear pore is an essential
component for nuclear import as well as export. The NPC is therefore employed by the
many transcriptional activators and repressors identified in the NTAP purification as
well as the yeast two-hybrid screen. As discussed, NUP107 associates with NUP160
(identified as a component of the NTAP-ORF4 complex) to form the central channel
of the NPC (Glavy et al., 2007, Vasu et al., 2001). The fact that both TAP tagging
analysis as well as yeast two-hybrid screen identified associated components of the
NPC strongly indicates that ORF4 protein association with this complex is authentic.
Interestingly, an interaction between the ORF4 protein and the NPC may function to
inhibit nuclear transport. In terms of relating this to the process of apoptosis, such an
inhibition may be highly beneficial in terms of delaying the transport of proapoptotic
molecules such as AIF into the nucleus. By blocking the NPC, inhibition of nuclear
export would of course also incur, and thus export of molecules such as the
antiapoptotic survivin and the proapoptotic PAR may be affected. This model is
however purely speculative to date, and as is the case with all identified proteins, this
suspected interaction would have to be verified, for example by co-
immunoprecipitation and co-localisation studies.

Although the yeast two-hybrid screen identified the proteins described above, a
number of proteins were identified of which little information is available. Similarly,
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the interaction between the ORF4 protein and other identified proteins could be seen as
highly questionable. Peroxisomal delta3, delta2-enoyl-Coenzyme A isomerase (Peci) is
an enzyme which targets the peroxisome and is involved in fatty acid metabolism by
catalysing the isomerisation of 3-cis-octenoyl-CoA to 2-trans-octenoyl-CoA
(Geisbrecht et al., 1999). Another identified protein, KLA1009, is an essential
microtubule associated ATPase which is involved in mitosis (Leon et al., 2006).
KLA1009 is found at the spindle poles of the mitotic apparatus, but during mitosis can
be found associated with the centrosome and acts as a microtubule motor to drive the
mitotic process (Leon et al., 2006). The screen also identified protein phosphatase 1,
regulatory (inhibitor) subunit 12C, which associates with protein phosphatase 156 and
meditates myosin binding and subsequent cytoskeletal reorganisation (Tan et al.,
2001).

Although cytoskeletal reorganisation during viral infection is a common phenomenon
which is also employed by MNV (Hyde et al., 2009), the role of the ORF4 protein in
this process has not been studied. Analysis of cytoskeletal rearrangements during
infection using the ORF4 knockout virus M1 could in itself yield some interesting
observations, although any differences observed would not affect viral yield (chapter
3). Unfortunately, little is known about the function of Thrombospondin, type I,
domain 1 (THSD1). However, seeing that this transmembrane protein may be involved
in cell adhesion and tumour angiogenesis (Ko et al., 2008), THSD1 could potentially
be linked to gene expression and even to apoptosis, although extensive further

investigation would be required.
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Protein name® Synonyms® Binding | Total Sequ Function’
region | protein | direction®
(amino | |ength
acids)C
KIAA1009 RIKEN cDNA 4922501C03, C6orf84, FLJ13551, Protein 1241 - 1403 F Microtubule-associated ATPase involved in cell division
QN1 homolog, QN1, Kiaal009 1400 regulating chromosome segregation and mitotic spindle assembly
Nucleoporin 107 107 kDa nucleoporin, Nuclear pore complex protein Nup107, | 661 - 842 926 F Essential component of nuclear pore complex. Required for the
(Nup107) Nucleoporin Nup107, NUP84 assembly of peripheral proteins into the nuclear pore complex
Peroxisomal delta3, D3,D2-enoyl-CoA isomerase, DBI-related protein 1, 10 - 147 358 F Peroxisomal enzyme that catalyzes an isomerisation step required
delta2-enoyl-Coenzyme | Delta(3),delta(2)-enoyl-CoA isomerase, dJ1013A10.3, for the beta-oxidation of unsaturated fatty acids
A isomerase (Peci) Dodecenoyl-CoA isomerase, DRS1, DRS-1, HCA88,
Hepatocellular carcinoma-associated antigen 88, KIAA0536,
Peroxisomal 3,2-trans-enoyl-CoA isomerase, Renal
carcinoma antigen NY-REN-1, ACBD2
Pre-B-cell leukaemia Pre-B-cell leukemia transcription factor, Homeobox protein | 251 - 349 632 R DNA-binding protein that acts as a transcriptional activator
transcription factor PBX1, Homeobox protein PRL, DKFZp686B09108,
interacting protein 1 MGC126627
(PBX1)
Pre-mRNA processing | Splicing factor Prp8, AU019467, D11Bwg0410e, 861 - 1201 F Central component of the spliceosome, which may play a role in
factor 8 (PRP8) DBF3/PRP8, Sfprp8l, 1057 aligning the pre-mRNA 5'- and 3'-exons for ligation
Protein phosphatase 1, | DKFZp434D0412, DKFZP434D0412, LENG3, MBS85, p84, | 490 - 622 782 F Regulates myosin phosphatase activity
regulatory (inhibitor) Protein phosphatase 1 myosin-binding subunit of 85 kDa,
subunit 12C Protein phosphatase 1 myosin-binding subunit p85, Protein
(PPP1R12C) phosphatase 1 regulatory subunit 12C
RNA binding motif Glycoprotein p43, Heterogeneous nuclear ribonucleoprotein 60 - 229 301 R RNA-binding protein which may be involved in pre-mRNA
protein, X chromosome | G, HNRPG, RBMXP1, RBMXRT, RNMX splicing
(Rbmx)
Thrombospondin, type I, | Transmembrane molecule with thrombospondin module, 520 - 644 798 F Contains a type 1 thrombospondin domain. May be involved in
domain 1 (THSD1) MGC74971, TMTSP, UNQ3010, UNQ3010/PRO9769 cell adhesion and tumour angiogenesis. Different isoforms
produced by alternative splicing.
Fanconi anemia zinc FANCC-interacting protein, Zinc finger and BTB domain 290 - 462 465 F DNA-binding protein, may function as a transcriptional

finger protein (FAZF)

containing 32 (Zbtb32), FAXF, Rog, Testis zinc finger
protein, TZFP, ZNF538

transactivator and transcriptional repressor

Table 5.1. Proteins identified by the ORF4 protein TetR and LexA yeast two-hybrid screens. (a) Names of the identified ORF4 protein interacting proteins, although alternative names
are common (b). The ORF4 protein interacting region (c) of the identified proteins is shown in relation to the full-length protein (d). Sequencing to identify positive clones was performed by
Proteinlinks using either a forward (F) or reverse (R) sequencing primer (e). Hence in the case of forward sequencing, the binding region may extend towards the C-terminus of the full-length
protein, whereas in the case of reverse sequencing the binding region may extend towards the N-terminus of the identified interacting protein. (f) Short description of protein function (more
detailed description can be found in the text).
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5.3 Conclusions and future directions

The identification of numerous proteins in the NTAP-ORF4 purification gave a strong
indication to possible mitochondrial, nuclear and / or ER/Golgi localisation (also
supported in chapter 6). The fact that both yeast two-hybrid and TAP analysis
identified NUP proteins was of considerable interest and strongly suggests an authentic
interaction between the NPC and the ORF4 protein. Indeed, subsequent studies
indicated that the ORF4 protein could be identified within the nucleus and at least
partially co-localised with AIF (chapter 6). Unfortunately, preliminary attempts to co-
immunoprecipitate the ORF4 protein and AIF in virus infected cells were unsuccessful
(data not shown). In spite of this, the fact that both yeast two-hybrid screen and TAP
analysis identified many proteins involved in the process of apoptosis was of
considerable interest and has direct relevance to the predicted function of the ORF4
protein (investigated in chapter 7 and discussed in detail in chapter 8).

In terms of further experiments, the aim was to refine the list of NTAP-ORF4 binding
partners by repeating this large scale TAP purification, especially as many proteins
were identified in the complex even though they likely did not directly interact with
NTAP-ORF4. Therefore, the discussions regarding the possible consequences of an
interaction between the ORF4 protein and the identified proteins are at this stage
purely speculative. There were also concerns that the CdCl, inducible system was not
the best choice for the purification, due to the toxic effect CdCl, exerts on cells. Even
at the comparatively low concentration of 5 pM (10 uM was used to induce NTAP-
ORF4), CdCl; has indeed been shown to alter gene expression patterns, especially in
relation to mitochondrial apoptosis (Cannino et al., 2008). Therefore, repeat of the
NTAP-ORF4 purification in the tetracycline inducible system would serve to verify
the previously identified binding partners and would possibly aid in refining the list of
authentic binders. As the presence of any tag is likely to affect protein structure to
some degree and hence affect the host cell factors which are identified by TAP
analysis, purifications using ORF4-CTAP expressing cell lines could be used in order
to compare results. Although several attempts were made to repeat this large scale
TAP purification, this was not completed successfully. The most likely reason for this
was due to a low yield of protein during the purification. Therefore, future analyses
would require the use of a larger number of cells to carry out the purification.
Furthermore, the generation of stable MNV-permissive cell lines expressing NTAP-
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ORF4 or ORF4-CTAP would also be important. This would allow the purification to
be performed in the presence of MNV infection, and hence proteins isolated from
infected and non-infected cells could be compared. Unfortunately, previous attempts to
generate a stable NTAP-ORF4 expressing RAW26.7 cells was unsuccessful potentially
due to low transfection efficiency and possible toxicity of the ORF4 protein. In the
future, attempts could be repeated by infecting RAW264.7 cells with lentiviruses
carrying the TAP constructs.

Although results from the yeast two-hybrid screen underline many of the TAP
purification findings, it must be remembered that this technique also has
disadvantages. One such disadvantage is the fact that interactions identified by yeast
two-hybrid screen are based on overexpressed proteins, and that interactions in yeast
cells may not accurately represent authentic interactions in cells permissive to MNV
infection. As the screen was performed using a truncated version of the ORF4 protein,
the identified binding partners may not represent proteins which actually bind to the
full-length protein. This argument is also the case for the prey protein, which
frequently did not contain the entire protein sequence; hence an interaction between
the full-length ORF4 protein and the full-length prey protein may not be the case.
Consequently, for both NTAP-ORF4 identified proteins as well as those identified in
the yeast two-hybrid screen, an interaction between the protein of interest and the
ORF4 protein must be examined more closely, for instance by immunoprecipitation.
Streptavidin pulldown of the TAP tagged protein from induced lysates and subsequent
western blot using antibodies against the protein of interest is one method of
demonstrating an interaction. Immunoprecipitation using antibodies is a more direct
approach which can be performed on infected cells and eliminates interference from
additional epitope or purification tag sequences. However, this approach requires
suitable antibodies for both proteins and it is possible that the antibody binding site
overlaps with the protein interaction site. If suspected that large tags interfere with the
interaction, immunoprecipitation using a Flag tagged version of the ORF4 protein
could also be an approach as the small Flag tag is less likely to interfere with
interactions. In terms of studying co-localisation, bimolecular fluorescence
complementation (BiFC) could also be employed. In this relatively novel technique the
C terminal portion of GFP is fused to one protein of interest, whilst the N-terminus is
fused to another (Hu et al., 2005). If the proteins interact, the fluorescence signal can
be detected by confocal microscopy with the added benefit that cellular localisation
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can also be studied (Hu et al., 2005). This technique is beneficial not only because it is
possible to study protein interactions in living cells, but also because a number of
associated binding partners can be analysed at the same time by using different
fluorescent tags (Hu et al., 2005). Once again however, the question of potential
interference from the tag arises and a number of combinations are possible for
generating the fusion proteins.

In conclusion, results from the successful NTAP-ORF4 purification were used to
approach the question of cellular localisation of the ORF4 protein (chapter 6) and
involvement in the process of apoptosis (chapter 7). Although verification of the
interactions between the ORF4 protein and any of the identified proteins remains to be
demonstrated, a hypothetical model linking a great number of these identified proteins
with a proposed function of the ORF4 protein can be found in the concluding chapter
(chapter 8) of this PhD thesis.
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6. Localisation studies
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6.1 Introduction

The next approach during the course of these studies was to investigate the cellular
localisation of the ORF4 protein. As described in chapter 5, the identification of a great
number of mitochondrial, nuclear and ER/Golgi enzymes in the TAP tagging analysis
strongly suggested that the ORF4 protein localises to some, if not all of these
organelles. There are many approaches to studying the cellular localisation of proteins,
one of which is confocal microscopy. One advantage of this technique is that the
analysis of localisation of a particular protein does not depend on the availability of a
suitable antibody. If an antibody to a particular protein is not available or not suited for
confocal microscopy, then constructs expressing fluorescently tagged fusion proteins
can be expressed. Fluorescent tags include for example the widely used enhanced and
optimised versions of GFP, which was first isolated from the jellyfish Aequorea
victoria and exhibits green fluorescence when exposed to blue light (Tsien, 1998).
Because the use of tags may interfere with protein folding, it is of course desirable to
confirm localisation with the use of antisera. In the case of viral infection the use of
antisera to localise the protein of interest is particularly important, as localisation may
depend on the co-expression of other viral proteins. However, another approach to
study localisation is biochemical fractionation, a procedure by which the organelles of
interest can be isolated. In this chapter, the localisation of GFP fusions of the ORF4
protein were investigated by confocal microscopy and results were confirmed
biochemically in infected cells. In later work described in a separate discussion section
of this chapter, Guia Carrara an MSc student under my supervision generated high
resolution images of the ORF4 GFP fusions, thus confirming localisation. Guia
Carrara also generated truncations of the ORF4 GFP fusion proteins and examined
localisation in addition to comparing the localisation of MNV ORF4 to SV ORF4E-

GFP fusion proteins.

6.2. Results and Discussion

6.2.1 Confocal microscopy demonstrating mitochondrial localisation

The localisation of the MNV ORF4 protein in cells was investigated using confocal

microscopy. Unfortunately, due to a high degree of non-specific cross reactivity with
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other proteins, the ORF4 protein specific antibody was not suitable to use for confocal
microscopy (figure 6.1).

DAPI ORF4 Mitotracker

) ...

Figure 6.1. Confocal microscopy analysis of ORF4 protein localisation in infected
RAW264.7 cells using the ORF4 protein specific cross reactive antibody.
RAW?264.7 cells were infected (1) with MNV and were fixed 16 h post transfection with
4% paraformaldehyde. Cells were incubated with Mitotracker red dye (Invitrogen) for
45 min prior to fixation in order to stain the mitochondria. Nuclear staining was carried
out by mounting slides in moviol containing DAPI (4',6-diamidino-2-phenylindole).
Non-infected (NI) RAW26.7 cells served as a control. Images shown here as well as
subsequent images were taken using a Zeiss Meta510 confocal microscope.

Therefore, due to the non-suitability of the ORF4 protein cross reactive antibody,
localisation was addressed by generating both C-terminal (ORF4-GFP) and N-terminal
(GFP-ORF4) GFP fusion proteins. Unfortunately, when using MNV permissive cell
lines (RAW264.7 and 1C21 cells), difficulties were encountered both in expressing the
ORF4 protein, as well as generating images in which cellular organelles could be
easily distinguished due to the spherical nature of the mouse macrophage cell lines in
our laboratory. Therefore, cell lines which allowed easy visualisation of various
cytoplasmic organelles were used to visualise the GFP fusion proteins. Although
permissive to MNV replication, these cell lines can not be infected with MNV, which
is predicted to be because of MNV receptor specificity. Cell lines in which GFP
fusions of the ORF4 protein were investigated include human embryonic kidney cells
(293T), baby hamster kidney cells (BHK) and African green monkey kidney cells
(COS-7).

Results from the initial confocal microscopy analysis of ORF4-GFP and GFP-ORF4

fusion proteins performed in 293T cells indicated cytoplasmic punctuated structures
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reminiscent of previously published images of mitochondrial localisation. This was
confirmed by co-localisation analysis, where co-staining was seen between ORF4-GFP
and GFP-ORF4 fusion proteins and the MitoTracker red dye used to stain the
mitochondria (figure 6.2). As expected, untagged GFP expression was uniformly
distributed and was not associated with a particular cellular location (figure 6.2).
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Figure 6.2. Confocal microscopy analysis of ORF4 protein localisation using GFP
fusion proteins. 293T cells were transfected with GFP expression constructs and were
incubated with Mitotracker red dye (Invitrogen) for 45 min prior to fixation. Cells were
fixed 16 h post transfection with 4% paraformaldehyde and nuclear staining was carried
out by mounting slides in moviol containing DAPI.

Although these initial results demonstrated mitochondrial localisation, the quality of
the photomicrographs was not sufficient in terms of resolution, and even after several
attempts it was concluded that the stacked morphology of these cell lines did not
permit the generation of focused high resolution photomicrographs. Therefore, in order
to generate high resolution photomicrographs, GFP fusions of the ORF4 protein were
expressed in BHK cells, which improved the quality of the images in terms of
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resolution (figure 6.3). Again mitochondrial localisation was observed for GFP-ORF4
as well as ORF4-GFP.
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Figure 6.3. Confocal microscopy analysis of ORF4 GFP fusions in BHK cells. BHK
cells were transfected with GFP expression constructs and were incubated with Mitotracker
red dye (Invitrogen) for 45 min prior to fixation. Cells were fixed 16 h post transfection
with 4% paraformaldehyde and nuclear staining was carried out by mounting slides in
moviol containing DAPI.
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These results coincide with proteomic as well as bioinformatic analysis of the ORF4
amino acid sequence, which predicted mitochondrial localisation of the ORF4 protein
(data not shown). Bioinformatic predictions of this nature are carried out by comparing
the sequence in query to sequences of proteins with known localisation. Components
such as charge, amino acid composition, hydrophilicity, the presence of signal
sequences, DNA binding domains and predicted secondary structures are also taken
into account. Often a hierarchal system of exclusion is performed, whereby the protein
is analysed in a series of steps. If the probability of localisation to a particular
compartment is excluded at a certain step because of the properties of the protein in
question, the protein is further analysed in the next step for localisation to the next
compartment in question. Algorithms which predicted mitochondrial localisation of the
ORF4 protein include LOCtree (Nair & Rost, 2005), MitoProt (Claros & Vincens,
1996), PSORT Il (Nakai & Horton, 1999, Nakai & Kanehisa, 1992), MuliLoc
(Hoglund et al., 2006) and CELLOv2.5 (Yu et al., 2006).

However, in spite of the predictions by these algorithms, no MTS could be identified
within the amino acid sequence of the ORF4 protein. Similar to cellular mitochondrial
proteins, viral proteins targeted to the mitochondria require a MTS. MTSs can be C-
terminal, for example as is the case in influenza virus PB1-F2 (Yamada et al., 2004)
and the CMV UL protein (Mandic et al., 2009), N-terminal as is the case for AIF or
the ORF1 product of the Carnation Italian ringspot virus (Weber-Lotfi et al., 2002), or
internal as is the case for cytochrome ¢ (Stojanovski et al., 2007). In many cases, both
N-and C-terminal MTSs can be identified by bioinformatics based on sequence
comparison and predicted structure of known mitochondrial proteins. Internal signal
sequences on the other hand are much more difficult to identify, as they sometimes
stretch over the entire length of the protein and are dependent on protein 3D
conformation (Dinur-Mills et al., 2008).

Even though these images sufficiently demonstrated mitochondrial localisation of the
ORF4 protein, it was decided that higher resolution photomicrographs should be
attempted in the morphogenically larger and flatter COS-7 cells, as these cell lines
were the most suitable to allow easy visualisation of various cytoplasmic organelles.
Furthermore the identification of the ORF4 protein MTS was attempted by generating
N-terminal truncations of the ORF4-GFP proteins. As this analysis was performed by
Guia Carrara as part of an MSc project the results are therefore presented in a separate
discussion section as part of this chapter.
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6.2.2 Biochemical localisation of the MNV ORF4 protein

After discovering that GFP fusions of the MNV ORF4 protein predominantly localised
to the mitochondria, it was important to verify mitochondrial localisation of native
untagged ORF4 protein during the course of infection. Due to technical difficulties in
the use of our permissive cell lines as well as difficulties in the use of the ORF4
antibody for confocal microscopy, an alternative biochemical procedure was used to
separate mitochondria from other cellular organelles (figure 6.4a). This technique
exploits the fact that the mitochondrial membrane is not soluble in certain detergents
and hence can be purified by lysis in this reagent followed by centrifugation to
separate the soluble and insoluble proteins.

Using this technique, mitochondria and cytosolic fractions were isolated from infected
and non-infected control cells. Subsequent SDS-PAGE and western blot analysis of
these fractions demonstrated the ORF4 protein did indeed localise to the mitochondria
of infected cells (figure 6.4b). To ensure purity of the fractions, the predominantly
mitochondrial AIF was used as a mitochondrial control, whereas the well characterised
(Berry et al., 2006) PCBP-1 was used as a control for the cytosolic fraction (figure
6.4). As can be seen, both control proteins were found in the anticipated fractions with
little or no cross contamination between fractions (figure 6.4b). As a further control,
the lysates of infected and non-infected cells lysed directly into reducing sample buffer
were also run alongside the isolated fractions (figure 6.4b). Most importantly, the
western blot using the antibody against the ORF4 protein revealed that the ORF4
protein strongly associated with the mitochondrial fraction, thus confirming the results
found by confocal microscopy.

Importantly, although these results highlighted mitochondrial localisation of the ORF4
protein, alternative cellular (such as nuclear) localisation would not necessarily have
been shown by this analysis, as the first step after lysis is to remove unlysed cells and
other large organelles, including the nucleus by low speed centrifugation (figure 6.4a).
Also, the small amount of ORF4 protein residing in the nucleus may have been

undetectable by western blot analysis.
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Figure 6.4. Biochemical characterisation of ORF4 protein localisation. A) Brief overview of the
steps performed to separate mitochondria and cytosolic fractions of infected (1) versus non-infected
(N1) cells. B) Proteins contained within total cell lysates and the mitochondrial and cytosolic fractions
were separated by SDS-PAGE. Western blots were performed against the ORF4 protein, the cytosolic
(PCBP-1) and the predominantly mitochondrial AlF.

6.3 Presentation and discussion of further work performed

by Guia Carrara

6.3.1. Further characterisation of MNV ORF4 protein localisation

Using confocal microscopy and a biochemical approach, the mitochondrial localisation
of the ORF4 protein was successfully demonstrated. However, after being tutored in
all the relevant techniques, high resolution photomicrographs demonstrating the
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mitochondrial localisation of GFP-ORF4 and ORF4-GFP in COS-7 cells were
generated by Guia Carrara as part of her MSc project (figure 6.5). COS-7 cells were

chosen due to the favourable morphology which makes them suitable for high

resolution confocal microscopy.
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Figure 6.5. Confocal microscopy analysis of ORF4 GFP fusions in COS-7 cells. Cells were
transfected with GFP expression constructs and were incubated with Mitotracker red dye
(Invitrogen) for 45 min prior to fixation. Cells were fixed 16 h post transfection with 4%
paraformaldehyde and nuclear staining was carried out by mounting slides in moviol
containing DAPI. HM: high magnification of image displayed in higher panel.
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Figure 6.6. Partial nuclear localisation of the GFP-ORF4 and ORF4-GFP proteins.
COS-7 cells were transfected with GFP-ORF4 or ORF4-GFP expression constructs and
were fixed 16 h post transfection with 4% paraformaldehyde. Nuclear staining was carried
out by mounting slides in moviol containing DAPI (4',6-diamidino-2-phenylindole). Top
left image is a higher magnification image of one shown in figure 6.5.

Most interestingly, although less evident than the mitochondrial localisation, in some
examples, foci of GFP-ORF4 or ORF4-GFP were also seen either in, or in very close
proximity to the nucleus (figure 6.6). Although this could have been an artefact of
GFP-ORF4 or ORF4-GFP overexpression, it is possible that the ORF4 protein also
localised to the nuclear envelope and in some cases was translocated into the nucleus.
In order to confirm these findings, fixed and permeabilised GFP-ORF4 transfected
cells were stained AIF, a predominantly mitochondrial protein. As expected,
mitochondrial co-localisation between AIF and GFP-ORF4 was seen (figure 6.7).
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Figure 6.7. Confocal microscopy images underlining mitochondrial localisation of
GFP-ORF4. COS-7 cells transfected with GFP-ORF4 were fixed, permeabilised and
incubated with an AIF specific antibody, which was followed by incubating with an Alexa
Fluor® 546 conjugated secondary antibody. Slides were subsequently mounted in moviol
containing DAPI.

The use of the AIF antibody also served to investigate the potential co-localisation
between the ORF4 protein and AlF, a protein identified as a potential binding partner
of the ORF4 protein using proteomics. As mentioned previously, upon stimulation of
apoptosis, AlF exits the mitochondria and translocates to the nucleus. Even though the
GFP transfected cells had not been actively stimulated to undergo apoptosis, it was not
surprising to see that in some cases small foci of AIF localised to the nucleus, probably
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as a consequence of the transfection reagent acting as an apoptotic stimulant (figure
6.7). Interestingly, foci of GFP-ORF4 were again observed in and particularly around
the nucleus, and in some cases co-localisation could be seen with AIF (figure 6.8).
This co-localisation therefore greatly underlined findings from the proteomics analysis
which identified mitochondrial as well as nuclear proteins from the NTAP-ORF4

purification.
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Figure 6.8. Co-localisation of GFP-ORF4 with AIF, particularly at the nuclear
membrane. Samples were prepared as in figure 6.3 and represent higher magnification
images of the ones shown in figure 6.3.

In order to identify the ORF4 MTS, N-terminal truncations were chosen as a starting
point simply because many MTS are N-terminal (Neupert, 1997). In total, three
truncations of ORF4-GFP were generated by Guia Carrara. When designing the
truncations, bioinformatically predicted a-helices (using the PSIPRED predication
method) were taken into account (figure 6.9). ORF4-GFP truncations were named A
1-19 ORF4-GFP, A 1-56 ORF4-GFP and A 1-123 ORF4-GFP, depending on the

number of amino acids which has been truncated.
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Figure 6.9. Design of N-terminal truncations of the ORF4 protein in ORF4-GFP. Figure
demonstrating the predicted helices and coils in the ORF4 protein. These bioinformatic
predictions were performed using the PSIPRED v2.6 software (Bryson et al., 2005). The sites
of the three truncations are marked with dashed red lines. The ORF4 protein C-terminally
fused to GFP was truncated after 19, 56 or 123 amino acids.

Surprisingly, confocal microscopy analysis demonstrated mitochondrial localisation of

all three truncations (figure 6.10), thus narrowing down the ORF4 MTS to the last 91

C-terminal amino acids of the ORF4 protein. Therefore, it was concluded that the N-

terminus is not required for mitochondrial localisation of the ORF4 protein. As a

result, the ORF4 MTS was predicted in the C-terminus, which in fact is the case for an
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increasing number of proteins including the UL9 protein of CMV (Mandic et al., 2009)
and PB1-F2 of influenza A (Yamada et al., 2004).
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Figure 6.10 Confocal microscopy images demonstrating mitochondrial localisation
of all three N-terminal truncations of ORF4-GFP. COS-7 cells were either transfected
with A 1-19 ORF4-GFP, A 1-56 ORF4-GFP or A 1-123 ORF4-GFP. Cells were incubated
with Mitotracker red dye (Invitrogen) for 45 min prior to fixation and nuclear staining, as
previously described. HM: High magnification of image displayed in the higher panel.
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Closer bioinformatic analysis of the C-terminal 91 amino acids did not identify a
known MTS, indicating that the signal is previously unidentified MTS. As many MTS
are located within a-helical regions (Endo & Kohda, 2002), it is likely that the ORF4
protein MTS is located with the C-terminal 60 amino acids, which contains two
predicted a-helices (figure 6.10). Consequently, future work will focus on identifying
the minimal sequence required for mitochondrial localisation. This will be done by
generating further truncations in ORF4-GFP, and results could be compared to
truncations generated in the N-terminal ORF4 fusion protein (GFP-ORF4).
Alternatively, it is also possible that the ORF4 protein localises to the mitochondria by
interacting with another mitochondrial targeted protein. Should this be the case then
further analysis of binding partners by proteomic analysis as discussed in chapter 5
could yield some interesting results.

6.3.2 Analysis of the ORF4 protein equivalent of Sapovirus

The identification and characterisation of MNV ORF4 as an authentic reading frame,
which expresses a protein involved in virulence, naturally raised the question whether
or not the overlapping ORF4E sometimes found in human SV performs a similar
function. However, the lack of a tissue culture system for human caliciviruses and the
lack of a suitable antibody against the SV ORF4E protein have severely limited any
kind of investigation to date. Therefore, comparative confocal microscopy analysis
between GFP fusions of the MNV ORF4 protein and the SV ORFA4E protein was
investigated by Guia Carrara.

Like the MNV ORF4 protein, bioinformatic analysis predicted the SV ORF4E protein
to be mitochondrial, in spite of the relatively little homology (nucleotide or amino acid)
between the smaller, 161 amino acid SV protein and the 214 amino acid protein
encoded by MNV ORF4 (data not shown). As for the MNV ORF4 protein,
mitochondrial localisation predictions were performed using the algorithms LOCtree
(Nair & Rost, 2005), MitoProt (Claros & Vincens, 1996) and PSORT Il (Nakai &
Horton, 1999, Nakai & Kanehisa, 1992) (data not shown). Interestingly, contrary to
bioinformatic predictions, both C- and N-terminal SV ORF4E-GFP fusions did not
localise to the mitochondria, as no co-localisation could be seen with the MitoTracker
red stain used to stain the mitochondria (figure 6.11).
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Figure 6.11. The SV ORF4E protein does not localise to mitochondria. COS7 cells
transfected with GFP-ORF4E or ORF4E-GFP expressing constructs underwent
mitochondrial staining with Mitotracker red dye prior to fixation, mounting and nuclear
staining as previously described.

However, co-staining of the ER of GFP-ORF4E and ORF4E-GFP expressing cells
using an antibody to calnexin revealed that both GFP-ORF4E and ORF4E-GFP
localised to the ER (figure 6.12). This ER localisation was confirmed in GFP-ORF4E
and ORF4E-GFP transfected cells by co-expressing Kdel:HRP, which localises to and
is retained within the ER due to the Kdel ER retention motif (data not shown).
Bioinformatic analysis could not identify an ER retention motif within the SV ORF4E
protein (data not shown). Furthermore, ER localisation of the ORFAE protein did not
demonstrate uniform distribution (figure 6.12), which could either indicate localisation
to certain ER compartments or localisation at ER exit sites. Many cases of ER
localisation of viral proteins have been reported, especially as replication complex
formation is frequently associated with ER/Golgi associated membranes. For example,

in related caliciviruses this has been shown for FCV (Bailey et al., 2010a) as well as
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MNV non-structural proteins (Hyde et al., 2009). In order to verify these results and
exclude possible interference in localisation from the relatively large GFP protein,
preliminary confocal microscopy analysis using a smaller C-terminal FLAG tagged
fusion of ORF4E was performed. This approach was however unsuccessful, possibly
due to low expression levels or conformation constraints preventing access of the
primary antibody (data not shown). Future analysis of SV ORFA4E protein localisation
could therefore be addressed by generating a suitable antibody against the SV ORF4E
protein.
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Figure 6.12. ER localisation of the SV ORFAE protein. COS7 cells transfected with
GFP-ORF4E or ORF4E-GFP expression constructs were fixed, permeabilised and
incubated with a calnexin specific antibody, which was followed by incubating with an
Alexa Fluor® 546 conjugated secondary antibody. Slides were mounted in moviol
containing DAPI.
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6.4 Final conclusion

Using GFP fusions, the mitochondrial localisation of the ORF4 protein was
demonstrated in 293T, BHK and COS-7 cells. Mitochondrial localisation was
supported by a biochemical fractionation procedure in infected cells. In addition to
mitochondrial localisation, the high resolution photomicrographs generated in COS-7
cells by Guia Carrara demonstrated distinct foci of nuclear localisation. Guia’s results
also demonstrated that the ORF4 protein appeared to co-localise with AlF, a
predominantly mitochondrial protein which was also identified by proteomic analysis
(chapter 5). Whilst the mitochondrial co-localisation between AIF and the ORF4
protein was expected, it was interesting to observe this co-localisation in foci
surrounding the nucleus which may have been components of the nuclear envelope. In
some cases co-localisation between AlF and the ORF4 protein within the nucleus was
also observed. Especially as mitochondria play a key role in the execution of apoptosis
one future approach could be to examine this co-localisation under stimulation of
apoptosis. This would be especially interesting, as the ORF4 protein was later shown
to be involved in the process of apoptosis (chapter 7). As described, after stimulation
of apoptosis AIF is released from the mitochondria, enters the nucleus and is involved
in high molecular weight DNA fragmentation. Therefore, it would be interesting to
study nuclear co-localisation between AIF and the ORF4 protein under apoptotic
conditions. Localisation of the ORF4 protein to the mitochondria, and possibly the
nucleus would in all cases underline findings of the TAP purification. In conclusion,
the results from this chapter, especially the mitochondrial localisation of the ORF4
protein and co-localisation with AIF led to the investigation and demonstration of an
involvement of the ORF4 protein in the process of MNV induced apoptosis, which will
be discussed in chapter 7.

Importantly, although biochemical fractionation demonstrated mitochondrial
localisation of the ORF4 protein, it is important to stress that results of this
fractionation procedure do not necessarily mean that the ORF4 protein is exclusively
mitochondrial and nuclear localisation could not be investigated with this protocol. As
described in chapter 5, the microscopy technique of BiFC could prove valuable in
investigating co-localisation with the potential involvement of multiple associated
binding partners.

Somewhat surprising in the work performed by Guia was the fact that despite
biochemical predictions, the SV ORFA4E protein did not localise to the mitochondria
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but to the ER, with localisation reminiscent of clustering within specific compartments
or at potential ER exit sites. As the use of the smaller FLAG tagged fusion was not
successful at verifying these results, the generation of a SV ORF4E cross-reactive
antibody may be an approach for further confocal microscopy investigation as well as
biochemical investigation. Even if this approach is successful it must be remembered
that expression of this yet uncharacterised protein during infection needs to be
demonstrated, which to date is difficult due to the inability to successfully propagate

human caliciviruses in tissue culture.



Imperial College 163

7. Investigation into
the role of ORF4

In apoptosis




Imperial College 164

7.1 Introduction

7.1.1 The extrinsic and intrinsic pathways of apoptosis

As described in previous chapters, the ORF4 protein was found to localise
predominately to the mitochondria and proteomic analysis identified a number of
mitochondrial proteins, some of which are involved in the process of programmed cell
death (apoptosis). Because mitochondria play a key part in this process, the role of the
ORF4 protein in apoptosis was further investigated.

Apoptosis can be categorised into the extrinsic and intrinsic (also knows as
mitochondrial) pathways, although both can be interlinked (figure 7.1). The extrinsic
pathway is receptor mediated, whereas the intrinsic pathway relies on internal signals,
with the mitochondria playing a key role. Apoptosis is characterised by mitochondrial
membrane permeabilisation, DNA fragmentation, chromatin condensation and
membrane blebbing leading to the death of the cell (reviewed by Vermeulen et al.,
2005). The extrinsic pathway involves binding of stimuli to members of the TNF
surface receptor family (such as Fas), which leads to the formation of the death
induced signalling complex (DISC) (Vermeulen et al., 2005). Upon recruitment of pro-
caspase 8 (a member of the initiator caspases) to DISC, caspase 8 is activated though
proteolytic cleavage, which in turn cleaves procaspase 3 (Arnoult et al., 2008, Salvesen
& Duckett, 2002). As an executioner caspase, caspase 3 translocates into the nucleus
and activates a number of enzymes, including caspase-activated DNase (CAD) through
cleavage of the associated inhibitor of caspase activated DNase (ICAD) (Fahrenkrog,
2006, Salvesen & Duckett, 2002). Caspase 3 also cleaves the DNA repair enzyme
poly(ADP-ribose) polymerase (PARP), resulting in reduced DNA repair and therefore
increased DNA cleavage, eventually leading to fragmentation and death of the cell
(Andrabi et al., 2006, Kuribayashi et al., 2006).

Upon stimulation of apoptosis via the intrinsic pathway, proapoptotic Bcl-2 family
members such as Bak and Bax oligomerise to form pores in the mitochondrial
membrane. The proapoptotic Bcl-2 family members are activated by the BH3-only
domain family members such as Bid, Noxa, Puma, Bad, Bik and Bim (Kuribayashi et
al., 2006, Oberst et al., 2008). Caspase 3, 8, 10, granzyme B, calpains and cathepsins
can all cleave and thus activate Bid (Aslan & Thomas, 2009, Kuribayashi et al., 2006).
Cleavage of Bid by caspases 3 and 8 is a stage at which the intrinsic and extrinsic
pathways of apoptosis can be interlinked (Arnoult et al., 2008). In the absence of
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apoptotic stimuli, the antiapoptotic Bcl-2 family members such as Bcl-xL and Bcl-2
prevent activation of proapoptotic Bcl-2 family members (Kuribayashi et al., 2006,
Oberst et al., 2008).
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Figure 7.1. Overview of the different pathways of apoptosis. Apoptotic stimuli such as DNA
damage activate the intrinsic pathway of apoptosis through a signalling cascade directly activating
mitochondrial apoptosis induction. BH3-only molecules activate the proapoptotic Bcl-2 family
members such as Bax and Bak. Proapoptotic Bcl-2 family members oligomerise to from pores in the
mitochondrial membrane, leading to the release of cytochrome ¢ and molecules such as AIF. Under
non-apoptotic conditions oligomerisation of proapoptotic Bcl-2 family members is inhibited by
antiapoptotic Bcl-2 family members. Released AIF translocates to the nucleus and causes high
molecular weight (HMW) DNA fragmentation, a process which can occur completely independent of
caspases. Released cytochrome c and apoptosis protease activating factor 1 (Apaf-1) lead to caspase
9 activation through formation of the apoptosome. Caspase 9 activates caspase 3, which
proteolytically cleaves the inhibitor of caspase activated DNAse (ICAD), thus enabling low
molecular weight (LMW) DNA fragmentation through caspase activated DNAse (CAD). Caspase 3
also degrades components of the nuclear pore complex (NPC) and cytosolic proteins, eventually
leading to the destruction of the cytosol. The extrinsic pathway is induced by binding of the
corresponding ligands to death receptors on the cell surface, which activates caspase 8. Caspase 8 can
directly activate caspase 3 and can also activate the mitochondrial pathway via activation of BH3-
only family members.
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Pores in the OMM resulting from Bak and Bax oligomerisation release cytochrome c
and other apoptotic signalling molecules, such as AIF as well as reactive oxygen
species (ROS) (Salvesen & Duckett, 2002, Wei et al, 2001b).
Disruption/destabilisation of the mitochondrial membrane potential resulting in the
loss in ATP generation also ensues (Salvesen & Duckett, 2002). Cytosolic cytochrome
¢ binds to apoptotic protease activating factor 1 (Apaf-1) which, in the presence of
ATP, results in the formation of the apoptosome (Boatright & Salvesen, 2003,
Salvesen & Duckett, 2002). This complex recruits the initiator procaspase 9, which is
cleaved into active caspase 9, which in turn cleaves procaspase 3 (Boatright &
Salvesen, 2003, Salvesen & Duckett, 2002). Again, activated caspase 3 translocates
into the nucleus and activates a number of DNA degradation enzymes and inactivates a
number of DNA repair enzymes (Fahrenkrog, 2006, Kuribayashi et al., 2006).
Cytochrome c also translocates to the nucleus independently of caspase 3 and is
thought to be involved in caspase independent chromatin remodelling (Fahrenkrog,
2006).

Both caspase and AIF activation are required in many cases for the successful
completion of apoptosis, for example after treatment with the DNA-damaging drug
camptothecin or transfection with p53. p53 is a key regulator of cellular processes
(including apoptosis), which is activated in response to DNA damage or cellular stress
(Joza et al., 2009). However, apoptosis via the mitochondrial pathway can also take
place in a caspase independent manner, a process termed parthanatos. In this particular
pathway, mitochondrial AIF release requires the activity of the DNA repair enzyme
PARP-1, which produces the small molecule PAR (poly ADP ribose) (Andrabi et al.,
2006, Grote et al, 2007, Susin SA, 1999). Examples of proapoptotic PARP-1
activators are the DNA-alkylating agent N-methyl-N-nitro-N-nitroso-guanidine
(MNNG) and hydrogen peroxide (H2O2) (Joza et al., 2009). In the absence of DNA
damaging agents, PARP-1 activity and the associated accumulation of PAR is limited.
However, excessive DNA damage caused by apoptotic stimuli gives rise to high levels
of PAR. Proapoptotic PAR exits the nucleus (the precise transport pathway of which
are unknown), migrates to the mitochondria and triggers the mitochondrial release of
AIF (Wang et al., 2009a). Interestingly, only PAR molecules of approximately 33.6
kDa are effective and it is unknown whether transport proteins are utilised. As the size
exclusion limit of the nucleus is approximately 40 kDa, it is thought that any
interference or reduction in the size of the NPC could dramatically affect the
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proapoptotic action of PAR (Grote et al., 2007). To date, there is evidence to suggest
that calpain cleavage releases mitochondrial AIF in the process of parthanatos,
although it is currently unknown whether this action is independent of or a component
of PAR-mediated events (Wang et al., 2009b).

7.1.2 The nuclear transport system in apoptosis

During apoptosis the nuclear envelope (NE) becomes disassociated from chromatin
and eventually collapses, with several NE proteins, particularly lamina proteins being
cleaved by caspases (Fahrenkrog, 2006). Caspases, including caspase 3 have been
shown to cleave several nucleoporins (Nups), including Nup153, Nup358, Nup214,
POM121 and Tpr (Fahrenkrog, 2006, Ferrando-May et al., 2001). In this highly
sequential process of degradation, the targeted Nups are both peripheral as well as
internal. Although the NPC itself remains intact, the process of active transport ceases
(Fahrenkrog, 2006, Faleiro & Lazebnik, 2000, Grote et al., 2007). The proteosomal
degradation of nuclear importins can, but does not necessarily occur, depending on
apoptotic stimuli (Fahrenkrog, 2006, Ferrando-May et al., 2001). Disruption of the
NPC is likely to facilitate the nuclear import of cleaved caspase 3 by diffusion (Faleiro
& Lazebnik, 2000).

Although partial inhibition of nuclear transport can prevent or delay apoptosis
(Yasuhara et al., 1997), significantly inhibiting nuclear transport can actually trigger
the induction of apoptosis (Fahrenkrog, 2006, Grote et al., 2007). Under non-apoptotic
conditions, the majority of Ran is found in the nucleus as RanGTP, but under cellular
stress cytoplasmic Ran levels increase (Grote et al., 2007). Reduced levels of RanGTP
lead to reduced nuclear import and this effect is accompanied by an increase in nuclear
importin o levels, as importin a requires RanGTP to exit the nucleus (also shown in
figure 5.6, chapter 5) (Grote et al., 2007). This in turn results in the reduced nuclear
uptake of proapoptotic proteins which require importin o for nuclear import (Grote et
al., 2007). One hypothesis suggested by Grote et al, is that exclusion of nuclear Ran
may serve to be antiapoptotic, in order to prevent the translocation of proapoptotic
molecules to the nucleus (Grote et al., 2007). Interestingly, the apoptotic response to a
number of viruses is accompanied by nuclear changes, including the response to
poliovirus (Belov et al., 2003, Tolskaya et al., 1995).
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7.1.3 Viruses and apoptosis

From an evolutionary perspective, viruses can draw advantages from both inducing
and inhibiting apoptosis. Apoptosis induction upon infection has been demonstrated
for MNV (Bok et al., 2009, Furman et al., 2009) and can be seen as a mechanism for
viral release. Although apoptosis may be required for viral release, viral delay of
apoptosis induction may be employed to enable optimal viral yield from the infected
cell. Unlike lytic viruses such as MNV, viruses which establish latent infections (e.g.
herpesviruses) often benefit from the total inhibition of apoptosis, where latency rather
than the release of copious amounts of viral progeny is the required outcome of
infection.

A number of viruses and viral proteins are associated with the induction of apoptosis.
The overlapping reading frame protein PB1-F2 of influenza A virus for example
localises to the mitochondria and plays a role in inducing apoptosis, although PB1-F2
is not essential for virus viability (Chen et al., 2001, Gibbs et al., 2003). TMEV
infection is also associated with apoptosis induction in tissue culture, as well as in vivo
(Jelachich & Lipton, 2001, Schlitt et al., 2003). Poliovirus induces apoptosis via the
mitochondrial pathway (Belov et al., 2003, Tolskaya et al., 1995), and expression of
the 3C protease alone is sufficient to trigger apoptosis (Barco et al., 2000). The capsid
protein of Rubella has been shown to block mitochondrial import and the processing of
mitochondrial precursor proteins by possibly binding to a conserved component of the
translocation machinery, although a direct link with apoptosis has yet to be established
(Ilkow et al., 2009).

Other viruses encode antiapoptotic proteins in order to prevent or delay the onset of
apoptosis. Murine CMV antiapoptotic m38.5 protein binds to and associates with
proapoptotic Bax, thus preventing Bax mediated OMM permeabilisation (Arnoult et
al., 2008). Human and primate CMVs on the other hand encode the Bcl-2 like
mitochondrial inhibitor of apoptosis vMIA, which shares no homology to the murine
m38.5 antiapoptotic protein but also acts by targeting procaspase 8 and Bax in order to
block the extrinsic pathway of apoptosis (Arnoult et al., 2008, Goldmacher, 2002).
Another human CMV protein vICA also targets these pathways and the combination of
VMIA and VICA is essential for CMV replication, viability and prevention of
otherwise dramatic apoptosis in CMV permissive cells (Arnoult et al., 2008,
Goldmacher, 2002). The X-protein in Borna disease virus, which is also an
overlapping reading frame protein has been shown to inhibit apoptosis and promote
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persistent infection (Poenisch et al., 2009a, Poenisch et al., 2009b). Although the
majority of the X-protein localises to the nucleus and regulates viral polymerase
activity, a comparatively small amount localises to the mitochondria, and has
antiapoptotic activity (Poenisch et al., 2009a, Poenisch et al., 2009b).

Of the caliciviruses, FCV infection has been associated with the induction of apoptosis
via the intrinsic pathway, as seen by Bax translocation to the mitochondria and
cytochrome c release (Natoni et al., 2006). FCV infection is associated with activation
of the initiator caspases 2, 8 and 9 and the executioner caspases 3 and 7 (Al-Molawi et
al., 2003, Sosnovtsev et al., 2003). PARP cleavage occurs during infection and
treatment of cells with broad spectrum caspase inhibitors blocks apoptosis, thus
excluding a primary role of the caspase-independent pathway (Al-Molawi et al., 2003,
Furman et al., 2009). Furthermore, cells infected with UV-inactivated FCV, or cells
treated with the protein synthesis inhibitor cyclohexamide following FCV infection do
not undergo apoptosis, indicating that viral genome replication and protein synthesis is
required (Sosnovtsev et al., 2003). The significant similarity between poliovirus 3C
protease, which is sufficient to induce apoptosis (Barco et al., 2000), and the
calicivirus protease, suggests that expression of the calicivirus protease may also be
sufficient to induce apoptosis, which for FCV is currently being investigated (Natoni et
al., 2006). Apoptotic cells have also been observed during RHDV infection (Alonso et
al., 1998).

One of the first indicators that MNV infection was associated with the process of
apoptosis came from the histopathological analysis of infected STAT1” mice, which
demonstrated a significant number of apoptotic cells in the spleen and intestines of
STAT1” mice compared to WT mice (Mumphrey et al., 2007). It was thus concluded
that STAT1 was essential for the prevention of splenic apoptosis (Mumphrey et al.,
2007). In infected mouse macrophages, MNV has been associated with the induction
of apoptosis via the intrinsic pathway, as caspases 9 and 3 but not 8 become activated
(Bok et al., 2009, Furman et al., 2009). In the presence of caspase inhibitors, MNV
does not induce apoptosis and cells are visibly necrotic, leading to the conclusion that
the caspase-independent pathway is not sufficient for the execution of apoptosis during
MNV infection (Furman et al., 2009). Under non-apoptotic circumstances, inhibitors
of apoptosis proteins (IAPs) bind to and inhibit proapoptotic signalling molecules.
During MNV infection, the AP survivin which prevents caspase 9 activation, is down-
regulated, a process not associated with any other infectious agent to date (Bok et al.,
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2009). In contrast, up-regulation of the antiapoptotic survivin in order to delay
apoptosis is employed by many viruses. These include for example the Vpr protein of
HIV (Zhu et al., 2003) and the X protein of hepatitis B (Zhang et al., 2005).

7.2 Results and Discussion

7.2.1 Investigation of the role of ORF4 in viral induced apoptosis

Taking previously described results into account, and in light of data collected by other
groups on the process of apoptosis in MNV-1 infected cells (Bok et al., 2009, Furman
et al., 2009), the role of the ORF4 protein during MNV-1 induced apoptosis in mouse
macrophage cells was investigated. To do this, the ability of the ORF4 knockout virus
M1 to induce apoptosis was examined and compared to WT virus. RAW264.7 cells
were either infected with M1 or WT virus, alongside non-treated cells or those
stimulated with staurosporine, a positive inducer of apoptosis. After 16 h, lysed cells
were incubated with Glo3/7 assay reagent, which contains a caspase 3 specific
substrate. As the cleavage of this substrate by caspase 3 releases aminoluciferin, a
substrate for luciferase, caspase activity could be directly monitored.

As expected, no statistically significant difference could be seen between cells treated
with either WT or M1 UV inactivated virus (figure 7.2a). The low luminescent signal
of these inactivated viruses was comparable to NI control, thus indicating that
procaspase 3 was not being cleaved, and therefore apoptosis was not being induced. In
contrast, infection with M1 and WT virus was associated with the induction of
apoptosis, as seen by the high luminescent signal and comparison to the staurosporine
treated control (figure 7.2a). Most importantly, results from an unpaired T-test test at
95% confidence level indicated that there was a high statistically significant difference
(P<0.001) in caspase 3 activity in cells infected with M1 in comparison to WT virus.
This indicated that the ORF4 protein is either directly or indirectly involved in the
process of apoptosis. In order to confirm these findings, western blot and subsequent
densitometry analysis was performed (figure 7.2b). Interestingly, M1 virus infected
cells contained a 43% increase in the levels of cleaved caspase 3 (CC3) in comparison
to WT infected cells (figure 7.2b). As M1 infected cells demonstrated a higher
production of cleaved caspase 3 than WT virus infected cells, these western blots
confirmed the results of the Glo3/7 assays, indicating that cells infected with virus

containing an intact ORF4 were less apoptotic at 16 h post-infection. These findings
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were also verified by carrying out a Glo3/7 assay on M1 and WT infected primary
bone derived mouse macrophage cells (BMM®) isolated from the thigh bone of
BALB/c mice (figure 7.2c). Once again, a statistically significant (P<0.05) difference
could be seen between M1 and WT infected cells, although this difference may not
have been as prominent as for the RAW264.7 cells. In spite of efforts, sufficient
protein could not be harvested from the amount of BMM®s available in order to
perform quantitative western blot analysis as carried out for the RAW264.7 cells (data

not shown).
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Figure 7.2. In vitro measurement of caspase 3 activity and caspase levels in M1 vs. WT infected
cells. A) Luminescent signal by Glo 3/7 assay in RAWZ264.7 cells infected for 16 h (representative of
three independent repeats). Cells were either treated with live or UV inactivated ORF4 M1 or WT
virus. Non-infected (NI) cells were used as a negative control and cells treated with 5 uM
staurosporine (Stauro) were used as a positive control. Assays were performed in triplicate and error
bars depict the standard error between repeats. A high statistically significant difference (P<0.001,
depicted with ***) was observed between M1 and WT, whereas no significant difference (ns) was
observed between WT and M1 which had been UV inactivated. Differences were analysed by unpaired
T-test at 95% confidence interval. B) Western blot analysis of SDS-PAGE separated RAW264.7
lysates treated as described above. Blots were performed using antibodies to cleaved caspase 3 (CC3),
the viral polymerase NS7 as well as cellular GAPDH as a control. C) Luminescent signal by Glo 3/7
assay (performed in duplicate, error bars representing standard error between repeats) in primary
mouse bone derived macrophages (BMM®) infected for 16 h again demonstrated a statistically
significant difference (P<0.05 depicted by *) between M1 and WT.
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In order to further investigate this observed difference in apoptosis induction, a
timecourse of infection was performed for M1 and WT infected RAW264.7 cells.
Caspase activity was monitored by Glo3/7 assays, and a series of western blots were
performed. Consistent with previous findings (Bok et al., 2009, Furman et al., 2009),
caspase 3 activity was not detected before 12 h post-infection (figure 7.3a). Although
at 12 h post-infection there was no difference in caspase 3 activity between M1 and
WT infected cells, both at 15 h (P<0.01) and 18 h (P<0.001) there were statistically
significant differences which were measured using two-way ANOVA with Bonferroni
post-tests (figure 7.3a). However, by 21 h post-infection, a timepoint coinciding with
visible cytopathology and high viral titres (data not shown), this difference was no
longer present (figure 7.3a). Noteworthy is that no consistently obvious difference in
cytopathic effect between M1 and WT virus infected cells was detected by light
microscopy at any of these timepoints (data not shown). Consequently, this data
indicated that in M1 infected cells apoptosis was being induced earlier and to a higher
degree than in WT infected cells, although the outcome of infection, i.e. apoptosis
remained the same.

In order to further investigate these findings, lysates of M1 and WT infected cells
taken at the given timepoints were separated by SDS-PAGE and western blots were
performed (figure 7.3b). Densitometry analysis of the western blots underlined
previous findings of survivin down-regulation during the timecourse of infection (Bok
et al., 2009). Consistent with the results from the Glo3/7 assays was that survivin
down-regulation preceded more rapidly in M1 infected cells in comparison to WT
infected cells, with survivin levels in WT infected cells being 22% higher at 15 h post-
infection than in M1 infected cells (figure 7.3b). Non-infected and staurosporine
treated cells harvested at 9 h and 21 h post-infection were taken as controls for this
experiment. Analysis of caspase levels revealed that at 15 h post-infection total levels
of the initiator caspase 9 were elevated for M1 in comparison to WT infected cells,
with a 27% increase observed for M1 infected cells (figure 7.3b). High levels of
procaspase at these early timepoints is likely to be a consequence of up-regulated
caspase gene expression following stimulation of apoptosis. As apoptosis induction
appears to proceed more rapidly in M1 infected cells, this would explain the higher
levels of procaspase 9 in comparison to WT infected cells. The reason why at later
timepoints levels of caspase 9 were significantly lower for M1 infected cells (59% of
WT levels at 18 h and 26% at 21 h) could be because the majority of procaspase 9 had
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by that point been proteolytically cleaved in M1 infected cells due to the more
advanced apoptotic process. A 12% increase in the 30 kDa cleaved caspase 9 was seen
at 15 h post-infection for cells infected with M1, whereas higher levels of the 17 kDa

cleavage product for M1 was also seen at 18 and 21 h post-infection (figure 7.3b).
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Figure 7.3. Timecourse of apoptosis. A) Luminescent signal by Glo 3/7 assay of RAW264.7
cells infected with either WT or M1 virus (in triplicate) and harvested at the given timepoints. P
values were determined by two-way ANOVA with Bonferroni post-tests and are depicted as **
(P<0.01) and *** (P<0.001). B) Western blot analysis of SDS-PAGE separated lysates taken
during the timecourse. Lysates from non-infected (NI) or staurosporine (S) treated cells were taken
at the beginning (9 h) and end (21 h) of the timecourse acted as controls. Blots were performed for
several proteins important in apoptosis in MNV, including caspase 3 (C3), cleaved caspase 3
(CC3), caspase 9 (C9), cleaved caspase 9 (CC9) and survivin. Blots were also performed against
the viral proteins VP1 and ORF4. Blots against GAPDH acted as a cellular control.
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M1 infected cells were also associated with overall higher levels of the executioner
caspase 3, with the difference at 15 h post-infection being approximately 40% higher
for M1 infected cells. However, by 18 h post-infection there was a 50% decrease for
M1 in comparison to WT infected cells in the levels of caspase 3. In M1 infected cells,
66% (at 15 h post-infection) and 53% (at 18 h post-infection) higher levels of cleaved
caspase 3 were seen compared to WT infected cells (figure7.3b).

Once again, these results emphasised and agreed with the finding from the Glo3/7
assays, which indicated that apoptosis induction occurred earlier during M1 infection.
To ensure equal protein loading, GAPDH was used as a control and western blot
against the ORF4 protein ensured that ORF4 was not being expressed (figure 7.3b).
Western blot against the viral polymerase NS7 (data not shown) and the major capsid
protein VP1 was performed in order to measure viral protein synthesis (figure 7.3b —
data also shown in figure 3.11 in chapter 3). As previously described in chapter 3,
higher levels of VP1 (figure 7.3b) and NS7 (data not shown) were observed between
15 h and 21 h post-infection for WT infected cells. Whilst at 15 h VP1 levels were
22% higher in WT infected cells, the difference at 18 h (79%) and 21 h (60%) was
significantly higher. Importantly, as described in chapter 3, whilst previous western
blot analysis of M1 and WT infected cells seeded at low density (6x10°/well in 9cm?)
revealed comparable viral protein levels at all timepoints post-infection, western blots
against survivin, caspase 3, caspase 9, cleaved caspase 3 and cleaved caspase 9 did not
demonstrate an observable difference between WT and M1 infected cells (data not

shown).

7.3 Conclusion

The mitochondrial localisation of the ORF4 protein and data obtained from the ORF4
NTAP purification led to the investigation of the role of the ORF4 protein during the
process of apoptosis. Both luminescent analysis of caspase 3 activity, as well as
western blot analysis of several proteins shown to play a role in MNV induced
apoptosis was performed. From this data it was concluded that cells infected with M1
virus (which lacks an intact ORF4) showed an earlier and higher degree of apoptosis
induction in comparison to WT MNV infected cells. This observation was made in
primary bone-derived macrophages as well as RAW264.7 cells.

To date it remains unclear whether or not the ORF4 protein actually possesses
antiapoptotic activity or whether delayed apoptosis induction could be an indirect
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consequence of the ORF4 protein localising to the mitochondria and interfering with
mitochondrial processes. Experiments to analyse whether the ORF4 protein has
antiapoptotic activity could for example include expression of the protein in the
absence of infection under conditions of apoptosis stimulation. Assays to investigate
apoptosis include FACS and confocal microscopy analysis to monitor annexin V
staining, as well as assays to monitor cytochrome c¢ release and mitochondrial
membrane potential.

Interestingly, very recent studies performed by Dr Andrew MacDonald have
demonstrated that the ORF4 protein interacts with a number of SH3 domain containing
proteins, some of which are involved in the generation of ROS, which also play a role
in apoptosis induction (unpublished observations). The involvement of the ORF4
protein in ROS generation could therefore be analysed by various in vitro assays to
monitor ROS generation. Although at this stage purely speculative it could be
hypothesised that interference in ROS production could serve to delay the generation
of damaging ROS which also damage viral RNA and proteins in addition to
functioning as proapoptotic molecules. Another currently purely hypothetical proposal
is that mere physical association of the ORF4 protein with the mitochondria may
prevent or delay the physical changes occurring in mitochondria following apoptosis
stimulation. To date however, no homology has been observed between the ORF4
protein and any known antiapoptotic Bcl-2 family members.

Although there are many methods by which the ORF4 protein may either directly or
indirectly be involved in apoptosis induction, two hypothetical models of ORF4
protein function linking a number of findings from the TAP purification, yeast-two
hybrid screen, localisation and apoptosis studies can be found in the concluding
chapter (chapter 8) of this PhD thesis.
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8. Conclusion and

future work
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8.1 Overall conclusions

From the described studies it was concluded that in addition to the three previously
characterised ORFs, MNV also contains a highly conserved fourth open reading frame
which overlaps ORF2 in a +1 frame. The first indication that ORF4 encoded a protein
came from in vitro transcription and translation reactions, which demonstrated that the
protein produced from an expression plasmid containing ORF4 was the same size as a
protein produced from the subgenomic RNA of MNV. Once a suitable antibody was
generated, it was also shown that the ORF4 protein is expressed in mouse
macrophages during the course of MNV infection, comparable to other viral proteins.
However, the sera of MNV immune mice did not react with recombinant ORF4 protein
by western blot, a feature which is common to all viral non-structural proteins.
Although the successful propagation of ORF4 mutants to wild-type levels in tissue
culture showed that ORF4 knockout had no effect on MNV viability, serial passage of
the ORF4 knockout virus under conditions of high cell seeding density led to the
restoration of ORF4 expression. These results therefore indicated that even in vitro this
ORF was important, and explains why ORF4 remains so conserved amongst MNV
strains, even upon serial passage in tissue culture.

One speculation is that the reduced rate of viral translation seen in cells infected with
the ORF4 knockout virus at later timepoints of infection may be a consequence of an
interaction between the ORF4 protein and AlF, which was identified in the ORF4 TAP
screen. As AIF is involved in the shutoff of host cell translation during apoptosis by
binding to elF3, the ORF4 protein may serve to block this interaction, thus prolonging
translation. Whereas prolonged host cell translation would retain levels of cellular
proteins which are required by the virus, it is also important to remember that
calicivirus VPg binds to and employs elF3 for viral translation (Daughenbaugh et al.,
2003). Consequently, blocking the interaction between AIF and elF3 also prolongs
viral translation, thus resulting in higher viral protein levels in cells infected with WT
virus compared to M1 infected cells. A similar speculation is that an interaction
between the ORF4 protein and the translational regulator GCN1 may also serve to
prolong translation during virus infection.

In vivo analysis using STAT1” mice demonstrated that ORF4 plays a role in viral
pathogenesis, even though abolishing ORF4 expression did not alter the lethal nature
of MNV-1 in these severely immunocompromised mice. However, analysis of

bodyweight and gPCR demonstrated that the ORF4 knockout virus was attenuated in
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STAT1" mice. Consequently, it appeared that similar to other overlapping reading
frame proteins, such as influenza A virus PB1-F2, the ORF4 protein acts as an
accessory virulence factor. Although no histopathology data was available at the time
of writing it has since been established that the M1-v infected arbitrarily selected tissue
samples for histopathology closer resembled the tissues of mock infected animals than
those infected with WT-v. This is somewhat surprising as it was hoped that
comparative analysis of apoptotic cells in the intestines, spleens and livers of M1-v and
WT-v infected STAT1”" mice would demonstrate differences. In retrospect, cytokine
production in WT-v and M1-v infected animals could also have been monitored during
these experiments and this aspect should definitely be examined in the future.
Comparable to other Iytic viruses, it is clear that MNV must replicate in the most
efficient manner in order to allow transmission. In the case of MNV infection
controlling apoptosis appears to be essential and early induction of apoptosis would
result in the infected cells being picked up by immune cells earlier. This could result in
the clearance of apoptotic infected cells, reducing the levels of virus. If future more in-
depth and extensive analysis shows that the tissues of M1-v infected mice also
demonstrate an earlier and higher degree of apoptosis induction, then it is plausible to
suggest clearance of a number of apoptotic infected cells and with it the delayed onset
of infection was the reason M1-v attenuation in infected animals. This clearance
resulting in reduced viral titre would of course be amplified during multiple rounds of
infection, therefore leading to the delayed onset of M1-v induced disease. One
explanation regarding the variations between inoculation and onset of symptoms which
varied largely amongst individual animals is that in some mice inoculation with this
attenuated virus resulted in an abortive infection. However, the successful
establishment of infection in some animals and high excretion levels in addition to
constant exposure to the virus may have enabled the spread of M1-v. In order to
therefore limit the possibility of inner cage transmission, mice should be housed in the
minimum number of two per cage should an experiment of this kind be repeated.
Because STAT1” mice are so susceptible to the lethal nature of MNV-1, the system
may not be best suited for studying the potentially subtle effects of the ORF4 protein.
As MNV-1 is the only MNV stain associated with lethal infection (and only in
severely immunocompromised mice), it was decided that future in vivo work will
focus on the role of ORF4 in persistent MNV strains such as MNV-3. For this work,
immunocompetent mice will be inoculated with WT MNV-3 and MNV-3 containing
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the ORF4 knockout mutation M1. Analysis of bodyweight, faecal shedding,
seroconversion, intestinal viral load and cytokine production can subsequently be
compared.

A large scale tandem affinity purification procedure identified a number of
mitochondrial, nuclear, ER/Golgi and proteosome associated proteins, although the
purification procedure must be repeated in the future with the less toxic tetracycline
inducible system, using both C- and N- terminal TAP tags in order to confirm these
results. The generation of stable permissive cell lines expression ORF4 TAP fusions
would also enable the pulldown in the presence or absence of infection and may affect
the number and identification of purified proteins. It is important to remember that the
number of proteins able to bind under high stringency conditions is likely to be far
lower than the number of binding partners identified by TAP. Therefore, closer
analysis of interactions between individual proteins and the ORF4 protein remains to
be confirmed, for example by co-immunoprecipitation or co-localisation studies.
Especially techniques such as BiFC could be used to analyse interactions as well as co-
binding partners. If interactions between the proteins of interest are confirmed, then
mutational analysis may be used to establish the precise interaction site(s).

The great number of identified mitochondrial proteins strongly suggests that the ORF4
protein utilises mitochondrial import pathways to localise to the mitochondria, a
finding supported by confocal microscopy and biochemical fractionation.
Unfortunately, preliminary attempts by Guia Carrara to localise the minimum MTS of
the ORF4 protein using N-terminal truncations of ORF4-GFP were unsuccessful, and
it was concluded that the ORF4 MTS resides within the C-terminal 91 amino acids of
the ORF4 protein. Hence, further analysis will focus on generating further truncations
in order to precisely identify the MTS of the ORF4 protein. Interestingly, the
comparative analysis of SV ORF4E localisation also performed by Guia Carrara did
not reveal mitochondrial, but ER localisation. However, there were concerns that the
large GFP protein was interfering with localisation by potentially blocking ER exit of
SV ORFA4E protein. To date, it remains to be determined whether or not SV ORFAE is
in fact expressed during infection and an antibody to the ORF4E protein would have to
be generated. However, analysis as was the case for MNV ORF4 would prove difficult
due to the lack of a tissue culture or reverse genetics system for human sapoviruses.
The first indication that the ORF4 protein is involved in the process of apoptosis came
from the identification of a number of apoptosis-associated proteins by proteomic
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analysis as well studies showing partial co-localisation of the ORF4 protein with AlF.
Importantly, it was subsequently shown that cells infected with the ORF4 knockout
virus led to an earlier and higher degree of apoptosis induction in comparison to WT
infected cells. Whether or not this effect on apoptosis was a direct consequence of
antiapoptotic activity of the ORF4 protein or the result of other processes remains to be
investigated.

The role of AIF in down-regulating host translation and the involvement in apoptosis
make further investigations into the interaction of AIF and the ORF4 protein
particularly interesting. Co-localisation studies under stimulation of apoptosis could be
performed in the future. Similarly, associated ORF4-AIF binding partners may also
function to stabilise the interactions. In vivo investigations using persistent MNV
strains and Harlequin mice which have 80% reduced AIF could further be used to
characterise the nature of the ORF4 protein (Klein et al., 2002).

The fact that TAP purification as well as the yeast two-hybrid screen identified
components of the NPC strongly suggests that the ORF4 protein interacts with the
complex, a finding also supported by confocal microscopy. One speculation regarding
such an interaction could be that by binding to the NPC the ORF4 protein serves to
block nuclear transport, which would explain why such a vast number of nuclear
transport proteins were identified by TAP purification. Interestingly, inhibiting nuclear
transport can delay the process of apoptosis and would explain why apoptosis is seen
earlier and to a higher degree in infections with M1. Because the activated caspase 3
eventually degrades components of the NPC, nuclear transport is no longer controlled
and hence the apoptosis programme is executed. Even though no difference in virus
yield between M1 and WT was seen in tissue culture, this was possibly not the case in
vivo, where early clearance of infected apoptotic cells is ensured by immune cells in
the absence of ORF4 expression. Therefore, the purpose of the ORF4 protein may be
to delay apoptosis in order to avoid early immune cell detection and optimise virus
yield. Consequently, reduced viral genome copy numbers of M1-v infected tissues
following in vivo infection of STAT1” mice were observed. In future experiments,
viral titres in infected tissues could be directly measured by performing TCIDs assays,
something which was not possible from the tissue samples taken in the US, due to the
Southwestern Medical Centre local regulations as well as UK customs regulations for
the import of biological samples.
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Both yeast two-hybrid as well as TAP purification identified a number of DNA
binding proteins and repair enzymes. It could be speculated that an interaction of the
ORF4 protein with these nuclear proteins would also explain the nuclear foci of ORF4
localisation seen by confocal microscopy. As a number of these identified transcription
regulatory genes are involved in the process of apoptosis, such an interaction could
potentially serve to delay the process of apoptosis, although further concrete evidence
for this would have to be generated.

Because the spherical nature of the mouse macrophage cell lines in our laboratory
make the distinction of cellular organelles difficult by confocal microscopy, future
microscopy work could involve purchasing alternative MNV permissive cell lines.
With these cell lines, ORF4 protein localisation in the presence of infection could be
investigated. As the current ORF4 antibody is not suited for confocal microscopy
analysis, cells infected with the ORF4 knockout virus could also be transfected with
constructs expressing GFP fusions of the ORF4 protein. Alternatively, COS-7 cells,
which allow easy visualisation of various cytoplasmic organelles, could be transfected
with viral RNA in addition to ORF4 GFP expressing plasmids.

8.2 Hypothetical model of function

Although at this stage extremely preliminary and highly speculative, a proposed model
of the involvement of the ORF4 protein in apoptosis can be seen in figure 8.1. The
model is based on the findings presented in this thesis, and the discussed proposals are
not necessarily mutually exclusive. Importantly, all suggestions require further
investigation and there is no concrete evidence to date to suggest they are authentic.

MNYV replication causes cellular stress leading to the activation of proapoptotic Bcl-2
family members. The newly synthesised ORF4 protein associates with and is imported
into the mitochondria. One possibility is that excessive amounts of ORF4 protein could
physically block and hence delay oligomerisation and pore formation by proapoptotic
Bcl2 family members. Significant homology between the ORF4 protein and known
Bcl-2 family members does however not exist at the amino acid level (data not
shown). Association of the ORF4 protein with AIF at the mitochondria ensures that
when AIF is released, associated ORF4 protein migrates with AIF to the nucleus. At

the same time released cytochrome c activates the caspase cascade.
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Figure 8.1. Proposals of ORF4 protein function. In this model the execution of MNV-induced
apoptosis is delayed by the ORF4 protein which localises to the mitochondria. The ORF4 protein
may physically prevent oligomerisation of proapoptotic Bcl-2 family members, or may physically
block the exit of proapoptotic signalling molecules including reactive oxygen species (ROS) from
the mitochondria. Alternatively, the ORF4 protein associates with AIF and translocates with AIF to
the nucleus, where association with the nuclear pore complex (NPC) prevents further AIF
translocation as well as translocation of the executioner caspase 3. Some of the ORF4 protein may
also enter the nucleus and associate with DNA repair enzymes. This may serve to prevent the
accumulation of proapoptotic signalling molecules such as PAR, which would further drive the
process of apoptosis. Alternatively, association with DNA repair enzymes could sterically hinder
effective degradation of these enzymes by caspase 3. Eventually however, caspase 3 mediated
degradation of the NPC and cytosol lead to the execution of the apoptotic programme. As the
precise mechanisms of ORF4 protein function are unknown, possible points of intervention are
highlighted in red with ORF4?

Upon migration to the nucleus, the ORF4 protein associates with the NPC in order to
restrict nuclear transport and delay apoptotic events. The delay would be achieved
because the nuclear import of proteins or activators of proteins involved in DNA
fragmentation (such as AIF and caspase 3) could not occur, and the export of proteins
further driving the process of apoptosis such as PAR and survivin can not be released
from the nucleus. Interestingly, the nuclear exit of PAR polymers is severely affected
by the size of the NPC, as only PAR molecules of approximate 33.6 kDa are
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effectively transported from the nucleus (Grote et al., 2007), hence any restriction in
size is likely to be of consequence. As binding to the NPC may not be effective in all
cases, small amounts of the ORF4 protein also localise to the nucleus, where an
interaction with a number of DNA binding and repair enzymes may prevent the
accumulation of proapoptotic by-products of these repair enzymes, such as PAR or the
MRNAs of further proapoptotic proteins. Association of the ORF4 protein with DNA
binding and repair enzymes could also sterically hinder and prevent degradation of
these enzymes by caspase 3.

In spite of this predicted activity of the ORF4 protein, the programme of apoptosis is
eventually carried out because activated caspase 3 degrades components of the NPC,
which leads to the uncontrolled influx and efflux of molecules into the nucleus and the
role of the ORF4 protein in restricting the NPC becomes redundant. Therefore, AIF
and caspase 3 activated CAD can fragment DNA, whilst proapoptotic PAR and p53
can further stimulate the intrinsic pathway of apoptosis. Consequently, the final
outcome of infection (i.e. apoptosis) is the same for both WT and the ORF4 knockout
virus. However, in the absence of ORF4 expression, apoptosis is induced earlier and to
a greater extent than for WT infected cells.

Another hypothesis relating to the interaction between the ORF4 protein and the
mitochondria is that the ORF4 protein could block the formation of the permeability
transition pore (PTP) and prevent the subsequent mitochondrial release of apoptotic
signalling molecules and ROS. Alternatively, by binding to SH3 domain containing
proteins involved in ROS generation via conserved polyproline motifs, the ORF4
protein may delay the production of proapoptotic ROS. In support of this theory are
recent unpublished studies performed by Dr Andrew MacDonald, demonstrating that
the ORF4 protein interacts with a number of proteins involved in ROS generation in
vitro. Hence, a delay in apoptosis could serve to prevent cytosolic ROS damaging
susceptible viral genomes and proteins during the replication cycle and the events of
apoptosis may simply be an artefact of such a block. As ROS cause RNA as well as
DNA damage, it would be interesting to monitor the viral mutation frequency in cells
infected with M1 compared to those infected with WT virus after multiple passages.
Overall, it is possible that a combination of both models is the case and further work
must be performed in order to identify the precise function of the ORF4 protein.
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8.3 Final summary

During the course of this work evidence has been gathered demonstrating that MNV
contains a fourth overlapping reading frame in the capsid encoding region. Although
not essential for viability of MNV in tissue culture, there was pressure to restore
expression from this reading frame upon serial passage in tissue culture. In vivo, ORF4
knockout viruses gave rise to an attenuated phenotype. Mitochondrial localisation of
the ORF4 protein and the identification of a number proteins involved in the process of
apoptosis led to the investigation of the role of the ORF4 protein in MNV induced
apoptosis. Results demonstrated that cells infected with the ORF4 knockout virus
showed an earlier and higher degree of apoptosis induction than WT MNV infected
cells, thus indicating that the ORF4 protein is involved in the process of apoptosis. To
date however, the precise mechanism of ORF4 protein involvement in the process of
apoptosis is unknown and requires further investigation, although several potential
mechanisms of function have been presented. Overall, this work has identified a new
viral component which regulates the host response to infection and yields further

insights into the pathogen-host interface.
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Appendix 1. Maps of plasmids used during the course of this work. Restriction sites used
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during in vitro translations. B) Map of full-length MNV infectious clone used for virus
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Appendix 1 (cont.). Maps of Cherry ORF4 his (C) and Cherry VPg his (D) expression
constructs. The pSCherry 2 vector additional encodes the tRNA genes of the six rare
codons. In the presence of glucose Lacl represses both the expression of the T7 RNA
polymerase in the SE21 bacteria as well as expression of the gene of interest which is
under thee control of the lac operator. The ccdA gene is involved in plasmid stabilisation.
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Mascot query
Protein name’ Band? Score® | No of peptides’
GCNZ1 general control of amino-acid synthesis 1-like 1 1 1198 15
Probable ubiquitin carboxyl-terminal hydrolase FAF-X 1 682 7
Brefeldin A-inhibited guanine nucleotide-exchange protein 1 (BIG1) 2 633 8
Exportin 2 3,6 447 7
HEAT repeat containing 1 2 360 5
Exportin T 6 318 3
Coatomer subunit beta 1 (COPB1) 4 311 5
Tubulin, gamma complex associated protein 2 variant 6 256 5
Insulin receptor substrate 4 3,6 234 4
Importin 13 6 227 4
Pyruvate kinase isozymes M1/M2 9 220 4
Importin 8 5 218 3
Apoptosis-inducing factor 1 (AlF), mitochondrial precursor 9 212 3
Coatomer subunit alpha (COPA) 3 210 3
Dnal 13 204 1
cDNA FLJ78054, highly similar to Homo sapiens proteasome 16 192 3
Importin 7 5 190 2
Importin 9 5 189 3
Translocase of outer mitochondrial membrane 70 homolog A (TOM70) 8,9 185 4
Fanconi anemia group D2 protein 3 166 2
Proteasome-associated protein ECM29 homolog 4 158 2
Zinc finger protein 294 (ZFP294) 4 148 2
Mitochondrial import inner membrane translocase subunit Tim13 25 145 2
Fanconi anemia group | protein 3 144 2
Uncharacterized protein KIAA0406 5 143 1
DnaJ homolog subfamily A member 2 11,12 126 2
LRPPRC protein (leucine rich PPR motif cont. protein) - mitochondrial precursor 3 115 1
Methionyl-tRNA synthetase, cytoplasmic 6 99 2
Importin subunit beta-1 6 97 1




Imperial College 194

Peroxisomal biogenesis factor 19 14 89 1
cDNA FLJ78427, highly similar to Homo sapiens exportin 1 5 83 1
ATPase WRNIP1 7 74 1
cDNA FLJ11224 fis, clone PLACE1008273, moderately similar to coatomer gamma subunit 6,7 74 2
cDNA FLJ31237 fis, clone KIDNE20048486, highly similar to 26S proteasome regulatory subunit S3 9 70 1
Exportin 5 5 65 1
SHINC3 18 61 1
TATA-binding protein-associated factor 172 2 57 1
LP6054 13 54 1
HCLS1 associated protein X-1 (HAX-1) 15 53 1
Uncharacterized protein ENSP00000376341 (ribosomal) 24 53 1
Telomere length regulation protein TEL2 homolog 7 49 1
EH domain-containing protein 1 3 49 1
cDNA FLJ75591, highly similar to Homo sapiens SEC22 vesicle trafficking protein-like 1 19 47 1
Ig kappa chain V-I region CAR 17 46 1
Aladin 10 44 1
Ran-binding protein 6 (RanBP6) 5 42 1
Putative uncharacterized protein DKFZp761D0223 8 41 1
Proteasome subunit alpha type-3 17 40 1
ADP-ribosylation factor-like protein 5A (ARL5A) 21 40 1
Paraoxonase nirs variant 1 (PON1) 12 40 1

Appendix 2. Proteins identified in the NTAP-ORF4 purification which were not identified in the purification of other NTAP-MNV proteins. * Name of the protein is the
name referred to if the protein is discussed in this thesis. Alternative nomenclatures of these proteins do frequently exist and can be obtained from http://www.ihop-net.org. ? Band
refers to the segment of the SDS-PAGE gel the protein was identified in. A picture of the SDS-PAGE gel and the corresponding segments was shown in figure 5.4. Note:
Numbering was not shown in this figure but began with band 1 being the first segment (boxed black immediately adjacent to the gel picture) from the top of the gel. In total the
SDS-PAGE gel was sliced into 25 adjoining segments. * Score indicates the total Mascot sequence query score of the identified protein calculated from the scores of the
individually identified peptide sequences. * No of peptides refers to the number of peptides which were positively identified by Mascot sequence query as being a peptide
component of the listed protein.
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Mascot query
Protein name’ Band” | Score® | No of peptides’ | No of other | Other interactors (no of peptides)°
interactors

60 kDa heat shock protein, mitochondrial precursor (HSP60) 9 611 9 1 VP2 (11)
Coatomer subunit beta 6 525 8 1 VP1 (3)
Nucleoporin 160kDa 3 522 7 1 VP2 (2)
Nuclear pore complex protein Nup205 2 341 4 1 VP1 (1)
RuvB-like 1 10,11 300 4 1 VP1 (6)
Uncharacterized protein ATP2A2 6 295 4 1 VP1 (1)
ATP synthase subunit alpha 10 283 4 1 VP1 (2)
Sodium/potassium-transporting ATPase subunit alpha-1 6 218 2 1 VP1 (2)
precursor

T-complex protein 1 subunit alpha 9 215 3 1 VP1 (3)
26S proteasome non-ATPase regulatory subunit 2 6 213 2 1 VP1 (1)
DnaJ homolog subfamily A member 1 12 204 3 1 VP1 (3)
IARS protein (=isoleucyl t-RNA synthetase) 3 175 3 1 VP1 (1)
DNA damage-binding protein 5 171 1 1 VP1 (3)
Import inner membrane translocase subunit TIM50, 14 133 2 1 VP1 (2)
mitochondrial precursor

Dolichyl-diphosphooligosaccharide--protein 12 102 2 1 VP1 (1)
glycosyltransferase 48 kDa subunit precursor

Ras-related protein Rab-35 19 102 1 1 VP1 (1)
60S ribosomal protein L38 25 94 2 1 VP1 (2)
ADP/ATP translocase 2 16 75 1 1 VP1 (4)
Protein NipSnap homolog 1 17 70 1 1 VP1 (1)
cDNA FLJ78394, highly similar to Homo sapiens RAN, 17 68 1 1 VP1 (2)
member RAS oncogene family

Solute carrier family 25 16 50 1 1 VP1 (1)
D-3-phosphoglycerate dehydrogenase 10 49 1 1 VP1 (3)
NADH dehydrogenase [ubiquinone] 1 alpha subcomplex 25 44 1 1 VP1 (1)

subunit 4
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Anti-mucinl light chain variable region 18 42 1 1 VP1 (1)

26S protease regulatory subunit 4 12 41 1 1 VP1 (1)

cDNA FLJ75514, highly similar to S.scrofa putative 26S 12 41 1 1 VP1 (3)

protease subunit

Putative uncharacterized protein RAB10 19 1 1 VP1 (1)

Putative uncharacterized protein CAD (carbamoyl-phosphate 1,2 1132 14 2 VP1 (12), VP2 (1)
synthetase 2, aspartate transcarbamylase, and dihydrotase)

RuvB-like 2 10,11 726 13 2 VP1 (11), VP2 (1)
Putative uncharacterized protein (beta actin variant) 13 292 5 2 VP1 (7), VP2 (9)

Heat shock protein HSP 90-beta 6, 7 224 3 2 VP1 (11), VP2 (1)
6-phosphofructokinase, liver type 7 191 1 2 VP1 (1), VP2 (1)

Actin, alpha 1, skeletal muscle 13 164 2 2 VP1 (5), VP2 (2)

PFKM protein 7 135 1 2 VP1 (3), VP2 (1)

BAG family molecular chaperone regulator 2 18 130 2 2 VP1, VP2

Protein beta-actin-like 13 127 1 2 VP1 (2), VP2 (2)

cDNA FLJ36025 fis, clone TESTI2016701, highly similar to 7 94 1 2 VP1 (1), VP2 (1)

tumour necrosis factor type | associated protein

Actin-like protein 13 72 1 2 VP1 (2), VP2 (1)

60S ribosomal protein L12 20 47 1 2 VP1(3), VPg (1)
Ubiquitin 2 2 NS3 (4), VP1 (2)
HSP90AAL protein 7 2 2 VP1 (10), VP2 (1)
Elongation factor 1-alpha 11 255 4 3 VPg (2), VP1 (6), VP2 (1)
40S ribosomal protein S3 16 80 4 3 NS33 (1),NS4 (1),VP1 (7)
40S ribosomal protein S25 20 143 2 4 NS3 (1), VPg (3), VP1 (1), VP2 (1)
Tubulin alpha-8 chain 2t019 6 4 NS3 (2),VPg (3), VP1 (6), VP2 (2)
Putative tubulin-like protein alpha-4B 10,11,12 2 4 NS3 (1),VPg (1), VP1 (2), VP2 (1)
COL14A1 protein 20 1 5 NS4 (1), VP1 (1), VP2 (1)

Appendix 3. Proteins identified in the NTAP-ORF4 purification which were not identified in the purification of other NTAP-MNV proteins. * as described in appendix
1. ® number of other MNV NTAP proteins in which the protein was also identified by TAP purification. ° Identification of the other MNV NTAP proteins in which the protein

was also isolated by TAP purification
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Clone Genbank
number accession Identity
5 BC119603.2  Mus musculus thrombospondin, type I, domain 1
Rattus norvegicus peroxisomal delta3, delta2-enoyl-Coenzyme A
6 NM _001006966.1 1somerase (Pec1)
8 NM 011252.2  Mus musculus RNA binding motif protein, X chromosome (Rbmx)
9 BC093481.1  Mus musculus pre-mRNA processing factor 8
11 NM _134010.2  Mus musculus nucleoporin 107 (Nup107)
12 BC034200.1 pre-B-cell leukemia transcription factor interacting protein 1
Rattus norvegicus peroxisomal delta3, deltaZ-enoyl-Coenzyme A
13 NM_001006966.1 isomerase (Peci),
14 BC093481.1  Mus musculus pre-mRINA processing factor 8
15 NM 199316.2  Mus musculus RIKEN ¢cDNA 4922501C03 gene
16 NM _134010.2  Mus musculus nucleoporin 107 (Nupl07)
Mus musculus protein phosphatase 1, regulatory (inhibitor) subumt 12C
17 NM_029834.3  (Ppplrl2c)
18 BC003710.1  Mus musculus nucleoporin 107 (Nup107)
19 NM_134010.2  RNA binding motif protein, X chromosome
20 NM 134010.2  Mus musculus nucleoporin 107 (Nup107)

Appendix 4. Proteins which interacted with the ORF4 protein by TetR yeast two hybrid screen. A) Interacting
clones were characterised by their ability to grow on media deficient of uracil in the presence of galactose but not
glucose. In the presence of X-gal blue colonies can be seen for interacting clones. The p53-PIAS1 interaction served
as a positive control. B) Only the identity of clones in which the interaction was confirmed after retransformation into

yeast are listed in the table.
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Appendix 5. Proteins which interacted with the ORF4 protein by LexA yeast two hybrid
screen. Interacting clones were characterised by their ability to grow on media deficient of uracil
in the presence of galactose but not glucose. In the presence of X-gal blue colonies were be seen
for interacting clones. The p53-PIASL1 interaction served as a positive control. All interacting
clones were sequenced and identified as Mus musculus Fanconi anemia zinc finger. The p53-
PIASL interaction served as a positive control.
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