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ABSTRACT

FUNCTIONAL CHARACTERIZATION OF THE NIPAH VIRUS
NUCLEOCAPSID PROTEIN AND ITS IMPLICATIONS ON NIPAH VIRUS
REPLICATION

By
Charlene Ranadheera

University of Manitoba, January 2008

Nipah virus (NiV) was identified as the causative agent for outbreaks of
meningitis, encephalitis, and respiratory disease in Malaysia, Singapore,
Bangladesh, and India. Due to the ease in transmission, high fatality rates and
lack of preventative or therapeutic treatments NiV has been classified as a
biosafety level 4 agent. This emphasizes the need for research focusing on the
development of effective vaccines and/or antiviral therapies against NiV
infections. The objective of this study was to determine whether interfering with
normal interactions between the NiV nucleocapsid protein (N) and the NiV
phosphoprotein (P) would result in the disruption of viral replication.

Together with NiV P and the NiV polymerase protein (L), NiV N forms a
replicase that generates full-length anti-genomic and genomic RNA. The newly
synthesized full-length genomic viral RNA is encapsidated by NiV N as a
fundamental step in virus particle formation. For both of these processes to
occur, it is essential that NiV N interacts with NiV P. In the absence of NiV N,
NiV P along with NiV L forms a transcriptase, which is responsible for the
synthesis of viral mRNA. | hypothesized that transient recombinant expression of
NiV N would interact with virally-expressed NiV P, causing a functional
transformation of the transcriptase into a replicase. This hypothetical change in
function, the transcriptase to a replicase, would lead to the impairment of viral
transcription and translation, thereby causing an overall disruption to viral
replication.

The work presented here demonstrates that increased expression of
recombinant NiV N correlated with a 74% and 98% decrease in viral transcription
and translation, respectively, and a 94% decrease in the production of full-length
genomic RNA. As a result, infectivity levels decreased by 4 orders of magnitude
in cells expressing recombinant NiV N when compared to those of control cells.
Similar results were obtained when using truncated NiV N peptides containing
the binding domains for NiV P. These findings provide a novel target for the
development of antivirals aimed at disrupting the viral polymerase complex of
negative-stranded viruses.
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Introduction

1.0 Introduction

Henipavirus represents a newly formed genus within the subfamily:
Paramyxovirinae, family: Paramyxoviridae and order: Mononegavirales. This
genus contains two recently emerged members, Hendra virus (HeV), the
prototypic virus, which emerged in Australia, and Nipah virus (NiV), which
emerged in Southeast Asia. Unlike other paramyxoviruses, Henipaviruses have
been classified as biosafety level four (BSL-4) containment viruses due to their
ability to cause a life threatening disease in both humans and animals with no
preventative vaccines and/or therapeutic treatments. Furthermore, the possibility
of human-to-human transmission increases the risk factors of weaponizing this
virus as a bioterrorism agent. Henipaviruses are transmitted from animals to
humans. Pteropid fruit bats are suspected to be the natural reservoir for these
viruses and have a direct role in the transmission of Henipaviruses to their host.
Other paramyxoviruses, such as Menangle and Tioman viruses, have also been

shown to use similar bats as their natural reservoirs (31;79;114).

1.1 Emergence and Epidemics of Henipaviruses

1.1.1 Emergence and Viral Transmission of HeV

In 1994, a number of horses in Australia presented with a pulmonary
disease (58;136;140;164;184). It was found that individuals working closely
together with these animals, such as veterinarians and trainers, were later
inflicted with similar respiratory ailments (58;81;184). An unknown infectious

agent was isolated from the kidney of a horse trainer who died during the course
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of infection (164). Ultrastructure analysis of this infectious agent revealed typical
features typical of viruses within the order Mononegavirales: herringbone
nucleocapsids (NC), pleomorphic shapes, and surface protein spike projections
(129). Serological tests demonstrated that the unknown virus cross-reacted with
convalescent sera from infected patients and horses. However, anti-sera derived
from other paramyxoviruses such as measles virus (MeV), canine distemper
virus (CDV) and rinderpest virus (RPV) were unable to neutralize it. Further
characterization classified this virus as HeV (129). Since the initial outbreak in
1994, HeV has re-emerged sporadically throughout Australia (58;59). Currently,
the only method of controlling and containing the spread of infection is through
the euthanization of suspected animals and the isolation of infected individuals.
Viral transmission is believed to occur through close contact with infected bodily
secretions and fluids (81;192). Since HeV infections in humans have been

limited, case fatality rates are unknown.

1.1.2 Emergence and Viral Transmission of NiV

In 1998 and early 1999, reports surfaced of an epidemic of respiratory
disease in pigs and acute febrile encephalitis in humans. Initial evidence
indicated that Japanese encephalitis virus was the causative agent for this
disease in humans. However, after vaccination campaigns and mosquito control,
the disease was still rampant (184). Within the same period, there was an
outbreak of respiratory iliness in pigs, initially believed to be caused by classical

swine fever virus. However, it was soon discovered that the disease in pigs
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correlated with the disease in humans and the infectious agent responsible for
these diseases was identified as a novel virus: NiV, a close relative of HeV
(24;25;33). For some time, it was unknown how pigs and/or humans became
exposed to NiV. It soon became evident that fruit bats were a potential
transmission factor for NiV. Initially, Henipavirus epidemics were correlated with
the birthing patterns of fruit bats, since Henipaviruses have been isolated from
bat uterine fluid and aborted fetal tissue (80;124). However, the birthing period
for fruit bats (late spring, early summer) did not seem to correlate with all of the
observed Henipavirus outbreak periods. A more likely theory suggests that
animals contracted the virus from exposure to contaminated bat
secretions/excretion (117). Consequently, humans became exposed to NiV
through contact with bodily excretions and fluids of infected animals, such as
pigs. During 1998, viral spread was aided by the transfer of infected pigs to other
farms where new outbreaks subsequently occurred (24;25). Attempts to control
the spread of NiV led to the culling of over a million pigs. During this outbreak,
approximately 40% of humans infected with NiV individuals succumbed fo the
infection.

Following the initial outbreak of NiV in Southeast Asia, a number of
smaller NiV outbreaks were reported in regions in and surrounding India and
Bangladesh. During a 2004 NiV outbreak in Bangladesh, researchers were able
to make several distinctions between the present epidemic and the initial
outbreak in 1998. Differences observed included: increased neurological

complications, increased mortality rates upwards to 70%, and potential human-



Introduction

to-human transmission. It was suggested that the increased rate of mortality in
2004, as compared to 1998, was attributed to the higher proportion of individuals
experiencing severe neurological symptoms. Another factor attributing to the
higher mortality rates observed may have been the lack of an animal
intermediate, such as pigs, which would have been involved in the transmission
of NiV from its natural reservoir into humans. It could be speculated that
passaging this virus through an animal intermediate, such as pigs, could render
the virus less virulent; thereby, explaining the lower mortality rates seen in the
Malaysian 1998 outbreak. Sequence comparison between the Malaysian strain
and the Bangladeshi strain demonstrated a nucleotide identitiy of approximately
92%, with changes found within both the open reading frames (ORF), resulting in
amino acid (aa) changes in almost all viral proteins, and the non-translated
regions (NTR) (82). These changes supported the idea that the sequence
variation between the two strains had an effect on virus pathogenesis. As
previously mentioned, this outbreak also provided the evidence that NiV could be
transmitted human-to-human. In Meherpur and Naogaon districts, clusters of
cases were reported which occurred within families, indicating that exposure to
infected individuals and their secretions were possible risk factors of virus
transmission (93). Throughout this outbreak, it was believed that humans were
initially infected through exposure to materials contaminated with infectious bat
urine/excreta such as contaminated food. Once the individual became ill,
they passed it on to family members. The onset of illness within family

members occurred over an extended period of time, suggesting that
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individual family members were not infected from the same source of NiV but
rather from multiple sources (93). One likely source of exposure included
caring for sick family members, suggesting that NiV was transmitted from
patient-to-patient (93). Figure 1 demonstrates the similarities and differences

seen between NiV-transmission during the two major outbreaks of NiV.

1.2  Natural Reservoir of Henipaviruses

There are 58 species of flying foxes and a variety of these species has been
screened for the presence of Henipaviruses. The presence of antibodies against
Henipaviruses and/or isolation of live virus were used as indicators for
Henipavirus infections, since the infection in bats is sub-clinical (58). During the
Malaysian outbreak of NiV, bats from the following species were found to be
serologically positive for NiV-specific antibodies: Cynopterus brachyotis,
Eonyveteris spelaea, Scotophuilus kuhli, Pteropus vampyrus and Pteropus
hypomelanus (201), with NiV specifically isolated from Pteropus hypomelanus
(30). During the NiV epidemic in Bangladesh, bats of the species Pteropus
giganteus were positive for NiV-specific antibodies (93). A epidemiological study
conducted in Cambodia in 2005 revealed bats of the species Pteropus lylei to be
serologically-positive against NiV, with NiV successfully isolated from two of the
infected bats (137;156). Finally, a study in Papua New Guinea demonstrated the
presence of bats, which were sero-positive for HeV-antibodies (79). Currently,
eight species of fruit bats are known to be sero-positive for Henipavirus-specific

antibodies. These epidemiological studies provided evidence that fruit bats or
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Figure 1: Mechanisms of Transmission for NiV. The Malaysian outbreak of 1998 demonstrated the presence of a porcine
intermediate, which was essential for the transmission of NiV from its natural reservoir into humans. However, the more recent
Bangladesh outbreak of 2004 demonstrated a higher mortality rate and the direct transmission of NiV from bats to humans, with

possible human to human transmission.
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flying foxes, of the suborder Megachiroptera, were the natural reservoir for HeV
and NiV (30;80;137;165;201).

Flying foxes have a vast geographic distribution spanning from
Madagascar, South and Southeast Asia, the Philippines, the Pacific Islands, and
Australia.  Accordingly, Henipavirus outbreaks have occurred within these
regions: Australia, Malaysia, Bangladesh, North and West Bengal, India, and
Uttar Pradesh. However, there have been no reported cases of NiV infections in
Africa. Furthermore, previously mentioned screening expeditions have
demonstrated the presence of Henipaviruses within regions where human
outbreaks have not yet occurred. These findings suggest that the distribution of
Henipaviruses is far greater than the observed outbreak locations, and as such

carry the potential for epidemics to occur in new regions.

1.3  Henipavirus Infection

1.3.1 Clinical Signs and Disease

Upon infection with NiV or HeV there is an incubation period, which
ranges from days to three weeks in both animals and humans (73).
Experimentally infected pigs (125;191), hamsters (196), cats (89;125;128;193)
and horses (88;195) demonstrated similar incubation periods.

Horses showed signs and symptoms characteristic of a severe pulmonary
disease and pulmonary oedema: severe pneumonia, high respiratory rate, fever,
increased heart rate, lethargy, and anorexia. Another symptom observed in

HeV-infected horses was a frothy nasal discharge, which led to airway blockages
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(81;140;164;192). In addition to the apparent respiratory disease, a neurological
disease was also observed in 2 out of 22 horses infected with HeV. In humans,
the HeV infection was associated with a severe respiratory disease with
additional neurological symptoms. There has been one documented case of
meningoencephalitis (136;140).  Since the initial outbreak in 1994, four
individuals have been identified as being infected with HeV, and two of the four
succumbed to the infection. The two survivors developed a milder disease
mainly presenting with respiratory symptoms (136;140;164).

Symptoms associated with NiV infection during the Malaysian outbreak
were primarily respiratory symptoms in pigs, while infections in humans
demonstrated both respiratory and neurological signs. The NiV infection in pigs
was mainly asymptomatic; however approximately 10-20% of infected pigs
presented with a disease characterized by respiratory complications, with a small
percentage of pigs developing a neurological illness. These findings were also
verified experimentally (191). The NiV-associated disease in humans was
described mainly by pulmonary symptoms and more severe cases included the
development of neurological complications, cough, dyspnea, fever, headache,
dizziness, vomiting, seizures, reduced levels of consciousness and prominent
brain stem dysfunction. Features of this disease included segmental myoclonus,
areflexia and hypotonia, hypertension and tachycardia, suggesting that the
brainstem and upper cervical spinal cord were involved. A follow-up study with
116 of the NiV-infected patients confirmed that the spinal cord was damaged due

to the NiV infection (73;115).
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1.3.2 Henipavirus Persistence

A relapse of clinical signs associated with both HeV and NiV infections
has been documented. An Australian male who was infected with HeV and
recovered from meningitis, died one year later due to progressive encephalitis
(136;140). Symptomatic relapse of a NiV-associated disease has also been
reported in 12 out of 64 patients surviving the Malaysian outbreak. Patients
demonstrated a long latency period, on average 8.3 months between detection of
initial symptoms and the reappearance of neurological symptoms (73;179;180).
Furthermore at the late-onset of disease, a significant increase in NiV/HeV-
specific antibodies was observed, indirectly indicating the presence of replicating
virus (136;197). This finding was similar to MeV-infected patients experiencing
late-onset of subacute sclerosing panencephalitis (197). Taken together, the
relapse in neurological symptoms and the increasing antibody titres suggest the
presence of replicating virus and therefore viral persistence for both HeV and NiV

is a possibility.

1.3.3 NiV Pathology

In humans, the main histopathological findings were systemic vasculitis,
meningitis, and encephalitis. ~Respiratory and lymphatic organs were also
damaged either directly or indirectly. Experimental studies in pigs have
demonstrated that viral replication occurs within blood vessels, trachea, lymph
nodes, and the central nervous system (CNS) (191). In pigs, it appears that NiV

infects the olfactory and respiratory cells, cranial nerves and immune cells such
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as peripheral mononuclear blood cells. Infection of these cells cause the
initiation of viremia and the further spread into the reticuloendothelial system,
including replication in the endothelial cells of the blood and lymphatic vessels
(191). Viremia is implied by positive immunostaining of the lymphocytes and
monocytes/macrophages. A small percentage of these infected pigs displayed
signs of neurological illness. The presence of a neurological illness could be
inadvertently caused by the host defence system responding to the NiV infection
or due to the presence of NiV replicating in the brain. Experimental studies were
conducted to provide further insights into these two possibilities. it has been
demonstrated that NiV was able to gain access to the CNS via the olfactory
nerves, although other mechanisms of invading that CNS were also possible
(191). These findings indicated that NiV was able to replicate in the brain and

was subsequently responsible for the neurological symptoms observed.

1.4  Henipavirus Biology

Henipaviruses closely resemble other paramyxoviruses. They are
spherical viruses and range in size from 120nm to 500nm (32). As with all
members of the order Mononegavirales, NiV and HeV are enveloped viruses
containing a negative-sense single-stranded RNA genome. While members
within the family Paramyxoviridae have relatively uniform genome sizes, 15-16kb
(84), NiV and HeV have two of the larger genomes within this group of viruses,
18,246 and 18,234 nucleotides respectively (83;84;189), with only the recently

discovered J virus having a larger viral genome (97).
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Henipavirus genomes consists of six genes in the order, 3' — N — P/V/W/C
~M—F -G - L -5 (Figure 2a), which are similarly organized like morbilliviruses
and Respiroviruses. The six genes encode at least six structural proteins, the
nucleocapsid (N) protein, the phosphoprotein (P), the matrix (M) protein, the
fusion (F) protein, the attachment (G) glycoprotein and the viral RNA-dependant
RNA polymerase (L) protein.  Viral membranes are studded with two
glycoproteins, the G protein, which is involved in viral attachment to the cellular
receptor, and the F protein, which is involved in the fusion of the viral and cellular
membranes. The M protein mediates viral assembly by interacting with the viral
glycoproteins and the viral core, the ribonucleoprotein (RNP) complex, initiating
viral egress while also providing structural support. The RNP complex consists
of all of the factors necessary for transcription and replication of viral gene
products and genome: the viral genome, the N protein, which encapsidates the
viral genome and the polymerase complex, consisting of the L protein and its co-
factor the P protein. A diagrammatical representation of the virion is

demonstrated in Figure 2b.

1.5  Viral Life Cycle

Currently, little is known about the NiV- or HeV-life cycle. Therefore,
models have been adopted from other paramyxoviruses as well as from other
negative-stranded RNA viruses. An overview of the Henipavirus-life cycle is

diagrammatically represented in Figure 3, (Adapted from (110)).
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Figure 2: Henipavirus Structure and Organization. (A) A diagrammatical
representation of the Henipavirus genetic structure. (B) A diagrammatical
representation of Henipavirus virion structure and organization.
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Figure 3: Henipavirus Life Cycle. A general schematic of the proposed
Henipavirus life cycle. (A) Viral Entry- Henipaviruses bind the cellular receptor,
Ephrin B2, via the G protein. F and G proteins mediate fusion of the viral and
plasma membranes allowing the release of the viral RNP complex into the
cytoplasm of cells. (B) Viral Transcription and Translation- the polymerase
complex or the transcriptase, comprised of L. and P proteins, transcribe viral mRNA
from the template genomic RNA and cellular ribosomal machinery synthesize viral
proteins. Viral proteins are further post-translationally modified, if necessary, and
are recruited to specific sub-cellular locations in order to mediate viral egress. (C)
Viral Replication- upon synthesis of viral proteins, the N protein binds to the
polymerase creating a replicase complex. This complex is necessary for the
production of viral genomic RNA. The template negative-sense genomic RNA is
used to synthesize positive-sense anti-genome, which further acts to synthesize
viral negative-sense genomic RNA. (D) Viral egress- M proteins mediate viral
assembly and egress. The M protein mediates recruitment of viral proteins and
genomic RNA to the plasma membrane where virus assembly and egress from the
plasma membrane occurs.
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1.5.1 Viral Entry

The attachment of NiV or HeV to cells and the subsequent release of NiV-
and HeV-RNP complexes into cells is dependant upon the presence of specific
cellular receptors. Recently, two studies using distinct experimental approaches
simultaneously identified the use of Ephrin B2 as the major cellular attachment
protein for NiV and HeV (14;133). It is believed that through binding this cellular
receptor a conformational change is induced in the G protein, which activates the
F protein (110). Subsequently, the activated F protein mediates the fusion of the
viral and cellular membranes allowing entry of the viral RNP complex into the

cytoplasm of cells (110).

1.5.2 Viral Replication

Replication studies focusing specifically on HeV or NiV are limited.
However, based on evolutionary relatedness to other negative-stranded RNA
viruses, NiV and HeV are believed to carry out similar methods of replication.
The initial step in viral replication is the production of viral mMRNA followed by the
subsequent production of viral proteins. Upon the accumulation of viral proteins,
the second stage of viral replication begins to emerge, more specifically the
production of fuli-length anti-genomic and genomic RNA. Figure 4
diagrammatically represents the various stages observed during Henipavirus

replication (110).
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Figure 4. General Strategies of Viral Replication for Most Negative-Stranded
RNA Viruses. The ftranscriptase complex, P and L proteins, mediates the
production of viral transcripts. Cellular machinery is responsible for the translation
of viral proteins. Upon the synthesis of viral proteins, the N protein is able to bind to
the transcriptase complex forming a replicase complex, N, P and L. The replicase
complex mediates the production of viral (anti-) genomic RNA.
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1.5.2.1  Viral Transcription

After viral attachment, membrane fusion and the subsequent release of
the RNP into the cytoplasm of cells, the first step of viral replication is the
transcription of viral genes. The transcriptase, a viral polymerase complex
consisting of the P and L proteins, is believed to bind and scan through the
leader region of the template RNA, Figure 5. This region is represented by the
first 52 nucleotides of the viral genome containing various polymerase-binding
sites and packaging signals. The signals within the leader region likely direct
viral transcription at the first viral gene, the N gene. In the past, it was believed
that a “Single Initiation Stop-Start Model” was responsible for the transcription of
viral mMRNAs (55). This theory proposed that the polymerase complex positioned
itself at position 1 of the 3’ end of the genome, transcribed a leader region and
then subsequent downstream genes (55). Once the polymerase complex
reached the end of the gene, it ceased transcription of the viral RNA, “scanned”
the intergenic region, and reinitiated transcription at the next gene consensus
sequence.

However, recent studies with vesicular stomatitis virus (VSV) have begun
to question aspects of this hypothesis. VSV, a related virus found within the
family Rhabdoviridae and order Mononegavirales, is believed to have similar
replication strategies as paramyxoviruses. Using a UV mapping technique it was
demonstrated that VSV N mRNA transcripts, representing the first gene, were
present in infected cells without the requirement for the transcription of the leader

RNA (194). In 2004, another group more directly
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Figure 5: Schematic Representation of the Proposed NiV Polymerase
Complexes: a Transcriptase and a Replicase. (A) Diagramatical
representation of the NiV Transcriptase. The polymerase complex consists of
the P and L proteins, which produces viral mRNA. (B) Diagrammatical
representation of the NiV Replicase. The polymerase complex consists of N, P
and L proteins, which synthesizes full-length genomic RNA.

17



Infroduction

identified the initiation point of the transcriptase. They purified viral
transcriptases from infected cells and used them to synthesize viral transcripts in
vitro (154). They also observed the presence of viral mRNA whereas leader
RNA was not present (154). These results led to a modified version of the
previously described theory: the transcriptase will bind to the genome at the 3’
end but will only initiate transcription at the transcriptional start signal in the N
gene, which is 56 nucleotides downstream of the 3' genomic end (154;194).
The difference regarding the presence of the leader RNA is significant in
understanding the different stages of replication. It is not the transcriptase, which
is responsible for the synthesis of the leader sequence but rather the replicase
(see Section 1.5.2.2).

Production of all viral mRNA is believed to occur through the stuttering of
the viral transcriptase along the viral RNA template in a start-stop manner (55).
This suggests that the polymerase complex has the tendency to “fall off’ the viral
template as it gets further away from the 3’ end of the genome. A stepwise
decrease in viral transcripts occurs as the genes to be transcribed approach the
5 end of the genome. This may be due to the differences in transcriptional
regulation at various gene boundaries and/or polyadenylation signals (100;198).
Currently, there are a number of studies to support the idea that there are more
transcripts produced from the 3’ end of the genome than the 5 end of the
genome (23;86). More specifically one study analyzing HeV transcripts, using
quantitative real-time PCR to demonstrate the relative presence of viral

transcripts, indicated two points of attenuation during viral transcription (198).
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Levels of viral transcripts for HeV N, P, and M were relatively equivalent (198). A
5.5 fold decrease in the level of F transcripts was seen in comparison to M
transcripts (198). The level of viral transcripts for F and G were relatively stable,
and then a second point of attenuation with a 2.2 fold decrease was observed
between the levels of G and L transcripts (198). These results demonstrated a
gradient production of viral transcripts (albeit not a linear gradient) as the
transcriptase progressed along the viral genome, with viral genes found closer to
the 3’ end of the genome being transcribed more readily than genes found at the
5" end of the genome. Interestingly, viral proteins that are needed in large
amounts, such as the N protein, are located towards the 3' end of the genome;
while proteins that are needed at lower levels, such as the L protein, are located
at the 5’ end of the genome. Therefore, it appears that the virus has positioned
its genes within the genome depending on the relative amounts of proteins
needed to propagate viral replication. Viral transcripts are further translated
using the host's ribosomal cellular machinery producing the necessary viral
proteins that are essential for the subsequent production of anti-genomic and

genomic RNA, and virion assembly.

1.5.2.2  Synthesis of Viral Full-length Genome

Upon production of viral proteins, specifically the RNP complex proteins
(N, P and L proteins), the production of full-length viral anti-genome and genome
is possible. Currently, there are many uncertainties as to what is truly happening

at the transition from transcription of viral MRNA to synthesis of viral anti-genome
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and genome. Historically, the most commonly accepted theory of replication was
focused around the expression of the viral N proteins. It was believed that as the
amount of the N protein accumulated in a cell and reached a certain threshold it
would mask the intergenic regions on the genomic template strand, allowing the
polymerase complex (P and L proteins) to read-through the genomic template
and synthesize full-length anti-genomic RNA rather than mRNA. Anti-genomic
RNA would subsequently be used as a template to create full-length genomic
RNA in the same manner. N proteins alone, and their ability to mask the
intergenic regions on the template strand, were believed to mediate the transition
from viral transcription to viral genome replication (110). However, recent studies
with VSV have modified this hypothesis of replication. Gupta et al, found that a
trimeric polymerase complex or more specifically a replicase complex, made up
of N, P and L proteins, was essential in producing viral genomes; whereas, the
transcriptase complex, made of only P and L proteins but not the N protein, was
necessary for the production of viral mRNA (78;154), Figure 5. This modified
hypothesis fits into the historically accepted hypothesis of replication except
rather than N proteins masking the intergenic regions of the template strand and
regulating the production of full-length viral RNA, N proteins have a role in the
formation of the trimeric replicase complex (N-P-L), which go on to regulate viral
genome synthesis. From these findings, Gupta et al suggested that the N protein
has the ability to bind and modify the transcriptase complex into a replicase
complex (78). The replicase then has the ability to bind at position 1 of the 3’ end

of the genome and read-through the intergenic regions on the genomic template
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without falling off and produce anti-genomic RNA. The replicase complex will
then use the anti-genome as a template for the synthesis of genomic RNA.

These recent insights into viral replication have led to a “Two Polymerase
Entry Model of Replication” theory (34). Production of viral transcripts or full-
length viral RNA is predetermined based upon the formation of a transcriptase
complex (P-L) (41;44,64;65;78;154) or a replicase complex (N-P-L)
(39,78;90;154,186;187), respectively. The levels of N proteins still play an
important role in the synthesis of genomic RNA, increased levels of N proteins
have the potential to increase the tendency towards formation of the replicase
complex but do not solely contribute to the transition from viral transcription to
replication of the viral genome.

Additional modifications to this hypothesis have also been made due to
the recent studies with VSV. It was found that the transcriptase may have
entered the genome at the 3’ end but it did not initiate transcription until reaching
the transcriptional start sequence found in the N gene (194); however, the
replicase entered and initiated viral replication at the 3' most end of the genome,
position 1 (154;194). In the event that sufficient amounts of the N-P protein
complexes were not available for encapsidation, the replicase only produced
leader RNA (194). The production of only leader RNA demonstrates premature
initiation of viral replication. The replicase likely terminates viral replication until
sufficient amounts of N-P protein complexes are present for encapsidation and
then production of full-length genome will proceed (154). These findings

demonstrated that the leader region contains two distinctive initiation sites for
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viral RNA synthesis, one for viral transcription and the other for viral genome and
anti-genome production. These results also support the theory that there are two

structurally and functionally distinct viral polymerases.

1.5.2.3 Encapsidation of the Viral Genome

Apart from the synthesis of the viral genome, increased expression levels
of the N protein are also essential for encapsidation of the newly synthesized
viral genome. Due to the cytoplasmic-based replication strategy of these viruses,
it is necessary for the viral full-length RNA to be protected from the harsh
cytoplasmic environment and RNA digestion. Therefore, upon synthesis of anti-
genomic and genomic RNA, the RNA is encapsidated within a protective shell
composed of N proteins. N proteins make a number of important interactions
throughout the viral life cycle, two of which are the interaction with other N
molecules and viral RNA. However, N proteins are also able to bind non-
specifically to cellular RNA rendering the N proteins unavailable for viral
replication. In an attempt to direct N proteins towards viral replication, newly
synthesized P proteins were found to be important to maintain N proteins in a
useable manner for viral replication, Figure 6 (91;144). The P protein will bind
the N protein and act as a chaperone to enhance the specificity of the N protein
towards  binding viral RNA  versus non-specific  cellular RNA
(8,29;42;43;45;56;66;134;143;153;172;200;205). Upon contact with the viral

RNA, the N protein will dissociate from the P protein. The P protein will then go
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Figure 6: Mechanisms of Viral Encapsidation. The N protein is essential for
viral encapsidation. (A) The P protein is believed to associate with N proteins and
act as a chaperone to direct binding of the N protein to viral RNA. (B) In the
absence of P proteins, the N protein is able to interact with other N proteins, bind
cellular RNA and become unavailable for viral encapsidation.
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on to bind other N proteins and direct them towards the specific encapsidation of

viral RNA (40;42;60;87;90;173).

1.5.3 Viral Assembly and Egress

Upon production of the viral proteins and viral genome encapsidation, the
M protein mediates assembly of these viral components into a virion (110;177).
M proteins are membrane-associated proteins which have been suggested to
crosslink the viral core (the RNP complex) and the viral surface glycoproteins
(36;126;161;176;204). In the absence of virus assembly and egress, the M
protein is believed to localize around the perinuclear region of the cell, awaiting
contact with the RNP (46;71;120;150;160;176). Upon binding the RNP, the
RNP-M protein complex translocates to the plasma membrane to interact with
the cytoplasmic tails of the viral surface glycoproteins (46;71;120;150;160;176).
The M protein concentrates the surface glycoproteins into patches on the plasma
membrane in order to mediate efficient virus assembly and to optimize the
number of glycoprotein surface spikes found on the newly produced virion
(131;176;203). Upon interactions between the RNP-M complex with the surface
glycoproteins, the M protein provides the driving force, which will initiate viral
egress or budding from the plasma membrane (36;67;110;121;177). An
essential component for M proteins to generate this driving force is the presence
of late domains. These motifs interact with cellular factors, which are crucial to
mediate the release of the virion from the cell membrane (61;127). Recently, it

was discovered that the presence of a late domain (YPDL.), which is similar to the
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late domain found within equine infectious anaemia virus, was found within the
NiV M protein and was responsible for virus budding (35). By creating a
recombinant system and a series of mutations within the M protein, these authors
were able to demonstrate that the late domain found within the NiV M protein

was essential to viral egress (35).

1.6  Structural Characterization of N proteins

There have been very few structural studies investigating the various N
proteins within the order Mononegavirales. Currently, there are three groups,
which have reported the N protein crystal structure for various members of the
order Mononegavirales: Borna Disease Virus (BDV), rabies virus (RV) and VSV.
These findings provided some suggestions to describe the structural and
functional domains within the N protein, specifically focusing on how the N
protein interacted with viral RNA and other N protein molecules.

The analysis of the BDV N crystal structure demonstrated the presence of
a novel fold, which divided the N proteins into two distinct halves: an amino-
terminal (N-terminal) half and a carboxyl-terminal (C-terminal) half (159). This
structural moiety was primarily composed of alpha- (a) helices; however, the
presence of two beta- (B) strands was the important component that provided the
division of the two distinct regions (159). Additionally, the N proteins are able to
self-assemble and form an elongated cube structure, which likely represented the
oligomerization of a NC structure (159). Each layer of this structure contained

four N proteins and then each layer was subsequently stacked one on top of the
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other (159). This protein formation created a positively-charged central channel
(159). This channel was large enough to accommodate a single-strand of RNA
and its positive charge was complementary to binding RNA, due to the negative
charge of the sugar-phosphate backbone of RNA. On the other hand, a large
positively-charged cleft was found running diagonally across the surface of the
protein, which was also suitable for binding single-stranded RNA (159). These
findings suggested two potential locations, which could be responsible for the
binding of RNA. However, it remained unclear where the viral RNA would be
situated. I RNA were bound within the central channel, it would be completely
surrounded by N proteins and protected from RNase degradation. However, it
would be necessary for N proteins to dissociate from the viral RNA so that the
polymerase complex could gain access to the viral RNA during viral replication
(159). If RNA were bound within the positively-charged groove running
diagonally across the tetramer surface, it would be more accessible to the viral
polymerase complex; however, at the same time exposed to RNase digestion
(159). There are advantages and disadvantages to either of the potential binding
sites; however, this experimental setup was not able to deduce the region critical
for RNA binding. Thus, further investigations were needed to answer this
question.

Analysis of the RV and VSV N protein structure revealed similar findings
when compared to the protein structure of BDV N. It was observed that 10 and
11 N proteins formed circular rings, for VSV and RV respectively (6;76). These

rings were then packed head-to-head forming cylindrical cores containing a
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hollow inner channel (6), similar to the cuboid structure described for BDV N
proteins (76). The structural analysis of BDV N indicated there could be two
potential sites that could accommodate viral RNA. The studies with VSV and RV
N proteins helped to determine whether RNA was bound within the central
channel, or within a cleft on the outer surface. Unlike the BDV N crystal
structure, the crystal structures of RV and VSV N proteins were done in
association with synthetic pieces of viral RNA. When crystallized, the synthetic
RNA was found present within the inner channel. This finding suggests that
under infectious conditions, the viral genome would also be found within the inner
core of the protein structure and subsequently would be protected from cellular
RNAses (6;76). Similar to the BDV study, the crystal structures of RV and VSV
N proteins demonstrated that each monomer was divided into two domains: an
N-terminal domain and a C-terminal domain (6;76). More importantly, the
junction at which the N-terminal domain met the C-terminal domain was capable
of tightly binding synthetic RNA (6;76).

The crystal structures presented for BDV N, VSV N, and RV N proteins
provided clues as to the conformation and structure of the N proteins when
bound to RNA, with specific emphasis on the junction between the N- and C-
terminal halves. However, these studies were not able to shed any insight into
how N proteins associated with P proteins and whether there were any important
changes to the protein structure. It could be speculated that since the central
region of the N protein was necessary for binding RNA, the N- and C-terminal

ends of the protein could be important for binding P proteins and interacting with
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other N protein. Further structural studies analyzing the interactions between N
proteins and P proteins would provide interesting insights into further
understanding various aspects of viral replication. Overall, a common structural
design was observed for the N proteins of three different viruses; therefore, it
could be assumed that N proteins from other member of the order

Mononegavirales could take on similar structural features.

1.7  Functional domains of paramyxovirus N proteins — Interactions
between P and N proteins

The interactions between N and P proteins of paramyxoviruses are
necessary for forming an active replicase complex with the L protein and
maintaining N proteins in a soluble state to mediate encapsidation of the viral
genome. However, there is currently no structural information characterizing
these interactions. Therefore, mutagenesis studies were employed in order to
determine regions on the N protein, which may contain regions necessary for
interacting with the P protein.

The C-terminal end of the N protein is an essential target for binding P
proteins for many paramyxoviruses (9;19;40;85;135). The P binding domain of
SeV N was localized to aa 463-488 (19;26;87). Similarly, (9;17)aa 304-374, 489-
504, 517, and 525 on the MeV N protein were essential for binding MeV P
proteins (9;17;105).  Structural studies have confirmed these findings by
demonstrating the ability of the N protein-binding domain of the MeV P protein to

bind C-terminal peptides (aa 489-506) of the MeV N protein (104). Finally,
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studies on Newcastle Disease virus (NDV) N proteins have shown that aa 440-
489 were needed for binding P proteins (102). However, residues 1-26 also
contained both essential and highly interactive domains for NDV P proteins
(102). Interestingly, the N-terminal portion of the protein was seen to be more
significant when compared with the C-terminal portion of the protein (102).
Similarly, residues 4-188 of the MeV N protein was identified being capable of
interacting with MeV P (9), and aa 1-400 of the SeV N protein contained an
alternative SeV P protein-binding domain (20;87). A previous report described
the presence of a NiV P protein-binding domain found at the C-terminal end of
the N protein, between aa 468 and 496 (27). The authors utilized a protein-blot-
protein overlay assay in order to analyze the interactions between NiV N and NiV
P proteins, using a variety of denatured truncated proteins, which were
expressed in a bacterial system. This assay was useful to analyze protein-
protein interactions; however, was limited to analyzing the interaction between
denatured proteins that may represent non-native conformations. Additionally,
the use of a bacterial expression system, which alters the co- and post-
translational modification scheme of the viral proteins, may also not represent an
accurate picture. Since this system used less than optimal conditions, this brings
about the question of whether the apparent P protein-binding domain was an
artefact of this system. Therefore, determining the NiV P protein-binding
domains based on the protein’s native structure may be more biologically

relevant. These findings were compiled using a ClustalW alignments program
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(3) and a schematic was created to easily visualize the regions of the N protein
which were important to binding P proteins, Figure 7.

Overall, these studies demonstrated the importance that the N- and C-
terminal ends of the N protein have in binding P proteins for a variety of
paramyxoviruses. These results suggested the presence of muitiple functional P
protein-binding sites, which may be used to explain the various roles that an N-P

complex has in facilitating the replication cycle.

1.8 Rationale and Hypothesis

The N proteins of negative-stranded viruses play pivotal roles throughout
the virus life cycle. They function in viral assembly and egress through an
interaction of the RNP complex and the M protein, and contributes to the
production and encapsidation of viral genomic and anti-genomic RNA. NiV N
proteins are believed to have these same responsibilities. NiV N proteins may
also interact with specific cellular factors, which could have an impact throughout
the viral life cycle. In the presence of NiV N proteins, it is believed that the
transcriptase complex (P-L) can be converted into a replicase complex (N-P-L),
which would subsequently activate the synthesis of viral full-length RNA (not viral
mRNA).  Simultaneously, NiV N proteins would also be responsible for
encapsidating this newly synthesized viral (anti-)genome. As N proteins
increase, there will be a tendency towards the formation of a viral replicase;

however, upon depletion of the N protein through viral encapsidation, the
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NiV N 468-496

MV N 4-188, 304-373, 457-525, 489-504, 517, 525

SeV N 1-400, 439-524, 463-488

NDV N 1-26, 440-489
Gaps in the alignment

D Regions necessary for binding P

Figure 7: Comparison of the P Binding Sites Found on N proteins From
Various Paramyxoviruses. A schematic diagram was compiled from various
published data describing the P binding sites found on NiV, MeV, SeV and NDV N
proteins (9,15,16,17,23,24,37,81,83,98,100,101). The N- and C-terminal ends of
the N protein seem to be necessary for the binding of P proteins. Hashed regions
indicate gaps found in the alignments and highlighted regions indicate areas
necessary for binding P proteins.
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production of a transcriptase would be favoured. This would suggest that the
synthesis and encapsidation of the viral genome would provide a method of
regulating the amounts of N protein produced. If there is no regulation of the
amount of N proteins produced, a disproportionate presence of NiV N proteins
could favour the synthesis of full-length viral RNA and potentially stall viral
transcription.

The intent of this present research is to analyze the role of the NivV N
protein during viral replication and to characterize the specific interaction
between NiV N and NiV P proteins. | hypothesize that excess expression of
recombinant full-length NiV N proteins will cause an imbalance in viral replication,
enabling the premature formation of the replicase complex (N-P-L), through an
interaction with the NiV P protein of the transcriptase complex (P-L). This result
would thereby limit the availability of the transcriptase. It is expected that by
favouring the formation of a premature replicase complex, a negative impact on
viral transcription will be observed thus causing an overall decline of viral
proteins. A decline in the production of viral proteins will eventually lead to a
decline in the production of viral full-length viral RNA, since the products
necessary for viral replication specifically the L protein would not be synthesized.
Therefore, a decrease in both the production of viral mMRNA and full-length (anti-)
genomic RNA will occur when there is a disproportionate amount of NiV N
proteins present. Furthermore, | believe that the NiV P protein-binding domains
found on the NiV N proteins would be sufficient to disable viral replication. The

NiV P protein-binding domains alone have the potential to occupy the binding site
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on the transcriptase (via the P protein) and disable the function of the viral
polymerases. The interaction between recombinant NiV N peptides and the NiV
franscriptase may inhibit or alter an essential protein conformation, which is
necessary for viral transcription and at the same time preventing the binding of
viral full-length NiV N proteins to the transcriptase complex and thereby inhibiting
the production of a functional replicase complex. Overall, it is speculated that the
over-expression of the NiV N protein or a component of the NiV N protein will be
sufficient to abrogate viral replication.

This study has three main objectives: (1) to identify the NiV P binding
domains within the NiV N protein, (2) to determine whether the NiV N protein can
have a negative impact on NiV replication and (3) to determine whether the NiV
P binding domains found within the NiV N protein are capable of interfering with
NiV replication. By completing these objectives, insights into NiV replication can

be made and the antiviral potential of NiV N proteins assessed.
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2.0 Materials and Methods

2.1 Cells and Viruses

293T (human embryonic kidney) cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Sigma®) with 10% heat inactivated fetal
bovine serum (FBS). Tissue culture dishes were coated with poly-D-lysine
(1mg/ml, Sigma®) for 30 minutes (min) at 37°C to enhance cell attachment.
Dishes were subsequently washed with sterile water prior to seeding of cells.

Vero-E6 (African green monkey) cells were cultured in DMEM
supplemented with 10% FBS.

All cells were incubated in 5% CO, and H.0-saturated atmosphere
conditions at 37°C. Cells were passaged by treatment with trypsin [0.25%
Trypsin-EDTA (ethylenediamine tetraacetic acid), Gibco™] and diluted in culture
medium every two {o three days.

Escherichia coli (E.coli) Top 10 chemically competent cells (Invitrogen™)
were made in house by growing 4ml of an overnight culture in 2 000ml (1:500
dilution) of Luria-Bertani (LB) broth at 37°C with shaking until the optical density
(OD) at 660 nm (ODggo) wavelength was within 0.4-0.6. Cells were then pelleted
by centrifugation at 2 000rpm at 4°C for 15 min and re-suspended in 300ml of
Solution A (Appendix 1). Celis were incubated on ice for 20 min and pelleted by
centrifugation at 2 000rpm for 15 min at 4°C. The pellet was then re-suspended

in 60m! of Solution B (Appendix 1), aliquoted at stored at -80°C.
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NiV was a kind gift from the Centers for Disease Control and Prevention
(Atlanta, GA). Virus stocks were prepared by infecting a 70% sub-confluent
monolayer of Vero-E6 cells in a 150cm? flask with NiV at a multiplicity of infection
(MOI) of 0.01 (approximately 3x10° infectious units (IFU)/flask). Once the cells
demonstrated a cytopathic effect (CPE) of +3 out of a +5 scale (approximately
three days post-infection), the supernatants were collected and clarified by
centrifugation at 1 000xg for 10 min to remove any residual cell debris. Virus
stocks were aliquoted and then frozen in liquid nitrogen. NiV infectivity titres of
the aliquoted stock were determined to be 2 x10” IFU/ml in 293T cells using a
tissue culture infectivity dose 50 (TCIDsp,) assay, Section 2.24. Handling of NiV
was done under containment level 4 (CL-4) conditions as outlined in the Health
Canada Laboratory Bio-safety Guidelines CL-4 handling procedures (www.hc-

sc.gc.calpphb-dgspsp/publicat/lbg-ldmbl-96/index.html) and Center for Disease

Control Material Safety Data Sheet.

2.2 Antibodies and Primers

See Appendix 2 for a list of primary and secondary antibodies used. NiV
specific antibodies were a kind gift from Dr. Hana Weingartl from the Canadian
Food Inspection Agency, Winnipeg, Canada.

See Appendix 3 for a list of primers used. Primers designed against NiV

were based on sequences from genbank, ascension number: NC002728.
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2.3 RNA Extraction

Viral RNA extractions of NiV stocks were carried out to generate template
for RT-PCR reactions. Viral stocks, described in Section 2.1, were treated with
TRIzol LS® (GibcoBRL) and RNA was extracted using a modified version of the
TRizol LS® protocol (GibcoBRL).  In brief, viral RNA was isolated from
supernatants of infected cells in the following manner: 1) Homogenization of the
extract in TRIzol LS®. 2) Phase separation of RNA, DNA and proteins with the
addition of chloroform. RNA is found in the aqueous phase, DNA is found in the
interphase and the phenol phase, and protein is found in the phenol phase. 3)
Precipitation of RNA, with the addition of 20-40ug/ml of glycogen to act as a
carrier molecule to increase RNA precipitation from supernatants, followed by the
addition of isopropyl alcohol. 4) RNA wash with 75% ethanol and 5) Re-

dissolving RNA in DNase/RNase free water.

2.4 Polymerase Chain Reaction (PCR)

PCR reactions described in this manuscript were preformed using Pfu
Ultra Hotstart™ DNA polymerase (Stratagene®) in a Whatman Biometra®
TGradient thermocycler. Pfu Ultra Hotstart™ DNA polymerase was chosen since
it has been shown to have robust PCR product yields at the same time as having
proofreading activity resulting in lower error rates. PCR was used to amplify viral
genes from plasmid DNA. In general, a typical 150ul reaction consisted of 15l
of 10x PfuUltra™ HF reaction buffer, 6.0ul of deoxynucleotide triphosphate

(dNTP) solution (10mM each) (Invitrogen™), 3.0l of 20uM forward primer, 3.0yl
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of 20uM reverse primer, 150ng of DNA plasmid, 3ul (7.5 units) of PfuUltra™
Hotstart DNA polymerase and the volume was brought up to 150ul with sterile
water. All reactions were set up on ice. See Appendix 3 for a list of primers used
and inserts created using PCR. General cycling conditions are outlined in Table

1.

Table 1: General thermocycling parameters for PCR

Number of . Cycle
Time Temperature PV
cycles Description
1x 15 min 95°C Activation of DNA
polymerase
1 min 95°C Denaturation
30-50x 1 min 50-60°C Annealing
1-3 min 68-72°C Elongation
1X 7 min 68-72°C Final elongation
1x hold 4°C Final cooling

2.4.1 Reverse Transcription Polymerase Chain Reaction (RT-PCR)

RT-PCR reactions were conducted using Qiagen One-Step RT-PCR™ kit
and performed in a Whatman Biometra® TGradient Thermocycler. See Appendix
3 for a list of primers and inserts which were created using RT-PCR. RT-PCR
was used to amplify viral genes from viral RNA. A 50ul reaction was prepared:
10ul of 5x RT-PCR buffer, 2ul of 10mM dNTP solution, 1ui of 20uM forward
primer, 1ul of 20uM reverse primer, 2ul One-step RT-PCR Enzyme Mix'™, a
varying amount of RNA, and the volume was brought up to 50ul with sterile
water. All reactions were set up on ice. A general outiine of cycling conditions is

presented in Table 2.
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Table 2: General thermocycling parameters for RT-PCR

Number of Time Temperature Cycle
Cycles Description
1x 30 min 50°C Reverse

franscription
Activation of
1x 15 min 95°C HotstarTaq™
polymerase
2 min 95°C Denaturation
50x 1 min 50-55°C Annealing
1-5 min 68°C Elongation
1x 7 min 68°C Final elongation
1x hold 4°C Final cooling

2.4.2 Amplicon Analysis

Production of all amplicons was verified for size and quality by running a

sample of the DNA on a 1.0% agarose gel, followed by gel electrophoresis and

visualization by UV illumination. Gels were made with and run in 1x Tris acetate

EDTA (TAE) buffer, and contained 0.002% ethidium bromide, which was used to

stain DNA. Typically one sixth (5ul) of the reaction was mixed with 6x Gel

loading buffer (Appendix 1). A molecular weight marker, 2 log DNA ladder™

(New England Biolabs, Appendix 4), was also included when loading the gel to

verify the size of the amplicon. Gel electrophoresis was carried out at 100 volts

(V) for 40 min and DNA was visualized with a MacroVue UV-25 Hoefer

transilluminator.

38




Materials and Methods

2.5 Cloning

Sequence specific primers were used to generate inserts by PCR or RT-
PCR (Section 24). Amplicon size was verified by 1% agarose gel
electrophoresis (Section 2.4.2). All amplicons were purified using a QIAquick®
PCR purification kit (Qiagen), and eluted in 30ul of Elution Buffer, supplied with

kit.

2.5.1 DNA Digestion

Amplified DNA inserts were digested in parallel with appropriate vector
constructs and restriction enzymes (New England Biolabs). A typical 30l
digestion was prepared: 3ul of restriction enzyme buffer, 0.5ug of vector DNA /
251l insert DNA, 10 units of restriction enzyme 1 (typically 0.5-1ul), 10 units of
restriction enzyme 2 (typically 0.5-1pl), Xul of water. Digestions were incubated
at 25°C or 37°C for 2—24 hours. DNA was purified using either a QIAquick® PCR

purification kit or QIAquick® gel extraction kit (Qiagen).

2.5.2 DNA Ligation

Following DNA digestion, 5ul of the reaction mixture was loaded onto a
1% agarose gel, underwent gel electrophoresis, and UV illumination to estimate
the quality and quantity of digested DNA present. The insert and vector was
ligated using T4 DNA ligase (5 units/ul, Roche). A typical 20ul DNA ligation

reaction consisted of 2yl of 10x ligation buffer, 1.0ul of digested vector DNA, 5-
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15l of digested insert DNA, 1.0pl of T4 DNA ligase and Xul of water. Ligation

reactions were incubated at 16°C overnight.

2.5.3 DNA Plasmid Transformation

E.coli Top 10 chemically competent cells were transformed by thawing
cells on ice, addition of 50% of the ligation reaction, followed by a 30 min
incubation on ice. Cells were heat shocked at 42°C for 45 seconds (sec), SOC
medium (Appendix 1) was added and cells were then incubated at 37°C with
horizontal shaking for 1 hour. The bacterial culture was then plated on LB +
Ampicillin (100 pg/ml) or LB + Kanamycin (35 ug/ml) plates and incubated for 16

hours at 37°C.

2.5.4 Digestion Screen and Verification of the Construct

Bacterial colonies were cultured in 2ml of LB broth (Appendix 1) overnight
at 37°C with shaking and plasmid DNA was subsequently extracted using a
plasmid DNA miniprep kit (QlAprep Spin Miniprep Kit, Qiagen). Exiracted
plasmid DNA was digested with specific restriction enzymes (New England
Biolabs) in order to verify the presence of the insert. Positive screened colonies
were then sequenced, using the dideoxy technique based on Sanger et al.,
(1977) and ABI3100 Genetic Analyzer, in order to ensure the presence and
quality of the insert. Sequencing was graciously carried out by an in-house DNA

core facility.
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2.5.5 Site-Directed Mutagenesis

If necessary, site directed mutagenesis (QuikChange™ Site-Directed
Mutagenesis Kit, Stratagene®) was carried out to correct any point mutations
incurred by the DNA polymerase. In brief, primers were designed to adjust any
mutations (Appendix 3) and used to PCR amplify the plasmid. Amplified DNA
was then treated with Dpn1 restriction enzyme digestion for 1 hour at 37°C, to
digest any methylated DNA i.e. the parental strand. The DNA was then
transformed into E.coli XL1-Blue Supercompetant Cells (Stratagene®) as
previously described in Section 2.5.3. A random selection of colonies were
picked and grown up in 2mi of LB broth overnight at 37°C with shaking and
plasmid DNA was purified using a miniprep kit (QlAprep Spin Miniprep Kit,
Qiagen). Extracted plasmid DNA was sent for DNA sequencing to verify the
incorporation of the correct nucleotide changes and to verify the sequence of the

insert.

2.6  Cloning Strategy — Creation of NiV N-IRES-CMV

Internal ribosomal entry site (IRES) is a nucleotide structure with very
complex secondary and tertiary structures. These structures resemble the 5 cap
structure of mMRNA and can enhance the translation of proteins. To enhance the
expression levels of recombinantly expressed NiV N proteins, a human IRES
was cloned in between the cytomegalovirus (CMV) promoter and the NiV N ORF.
The IRES was PCR amplified from a synthetic oligo template, whose sequence

was taken from the eukaryotic initiation factor 4 gamma gene (Accession #
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D12686), as described in Section 2.4 (Appendix 3). The amplicon was
subsequently cloned into the NiV N-CMV constructs, as describe in Section 2.5,

creating a construct called NiV N-IRES-CMV.

2.7  Cloning Strategy - Creation of ANiV N-IRES-CMV

Site directed mutagenesis was carried out on the NiV N-IRES-CMV
construct in order to prevent translation of the NiV N ORF. Two in-frame
translational start sites were mutated from ATG to TTG, as described in Section
2.5.5 (Appendix 3). This construct, ANiV N-IRES-CMV, was created to produce
a plasmid that was transcriptionally active, allowing the production of NiV N

mRNA, but preventing expression of the NiV N protein.

2.8 Cloning Strategy — Creation of Truncated NiV N Constructs

Various truncated versions of the NiV N gene were created in order to
assess the various functional domains it may possess. The NiV N ORF was
systematically truncated from the 3’ and/or the 5’ ends.

Full-length constructs were cloned into two separate expression plasmids,
pBK-CMV-IRES and pECFP-N1 (Clontech) (Figure 8), as described in Section
2.4 and Section 2.5. Both of these expression plasmids are driven by CMV
promoters and can be used in a variety of eukaryotic tissue culture expression
systems. The vector, pBK-CMV-IRES, includes an IRES directly after the CMV

promoter in order to enhance expression of the adjacent gene (Figure 8). The
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Figure 8: Cloning Strategies for the Creation of Truncated NiV N Constructs. (A) Various truncated NiV N constructs
were PCR amplified with a C-terminal HA-tag and cloned into pBK-CMV-IRES using restriction sites Nhel and BamHI. (B)
Various truncated NiV N constructs were PCR amplified and cloned into pECFP-N1, creating a fusion protein with a C-terminal

CFP tag using restriction sites Kpnl/Nhel and BamHl.
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vector, pECFP-N1, encodes a gene for the cyan fluorescent protein (CFP), which
is a variant of the Aequorea victoria green fluorescent protein (GFP), containing 6
aa substitutions. CFP is antigenically similar to GFP thereby allowing the use of
anti-GFP antibodies to detect CFP. This CFP variant has fluorescence excitation
major peak at 475nm and a minor peak at 501nm, which is also similar to the
excitation wavelengths of GFP, and therefore, can be visualized by using the UV
channel on a fluorescent microscope.

N- and C-terminal deletions were systematically designed, where three
constructs were truncated up to 50% of the NiV N protein from the N-terminal
end and three constructs were truncated up to 50% from the C-terminal end of
the NiV N protein, Figure 8, left panel. All of these constructs also include a
Hemagglutinin (HA) tag on the C-terminal end, which was incorporated by PCR
and subsequently cloned into pBK-CMV-IRES, as described in Section 2.4 and
2.5. Inclusion of an HA-tag was essential for the detection of these proteins by
immunoblot and immunofluorescence assays (IFA). Larger truncations were
designed specifically containing the various regions, which were deleted from the
aforementioned HA-tagged constructs, Figure 8, right panel. In order to create a
fusion protein with the CFP gene found in the vector, it was necessary to design
primers, which would incorporate an extra nucleotide after the truncated NivV N
gene during PCR amplification, to facilitate in-frame translation of the NiV N gene
and the CFP gene, Appendix 3. These constructs would be then cloned into
pECFP-N1 creating a fusion protein with CFP, as described in Section 2.4 and

2.5. Creation of a fusion protein was ideal for detection of the proteins by
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fluorescence microscopy, as well as increasing the molecular weight to sizes,
which can be more effectively separated and visualized by SDS-PAGE gel
electrophoresis and immunoblot. In addition, antibodies against GFP could be
used to detect the presence of the CFP fusion constructs. Primers designed to

amplify these regions, as well as other properties are found in Appendix 3.

2.9 Cloning Strategies — Creation of NiV P constructs

In order to analyze the interaction between NiV N and NiV P proteins, a
cloning strategy for the expression of a recombinant NiV P protein was designed.
The NiV P ORF was cloned into the eukaryotic expression vector pBK-CMV
(Stratagene), a CMV driven vector, with and without a FLAG-tag (Figure 9). A
FLAG-tag was incorporated onto the 3’ end of the NiV P gene, by incorporating
its nucleotide sequence onto the 5" end of the reverse NiV P specific primer,
Appendix 3. Cloning of the NiV P constructs were carried out as described in

Section 2.4, Section 2.5.

2.10 Cloning Strategy — Creation of NiV P-NiV N-CMV

A dual promoter construct, NiV P-NiV N-CMV, was designed in order to
express the NiV N protein as well as the NiV P protein from one construct. This
construct was used to ensure that every cell transfected is expressing both of
these proteins. The dual promoter system was created by PCR amplifying the

CMV promoter, the NiV N ORF and the simian virus 40 (SV40) poly A termination
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Figure 9: Cloning Strategy for the Creation of NiV P Constructs. The NiV P
ORF was PCR amplified with and without a C-terminal FLAG tag. It was
subsequently cloned into pBK-CMV using restriction sites, Nhel and Xhol.
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signals found in the NiV N-CMV construct (Section 2.4, Appendix 3) and was

cloned downstream of the NiV P ORF (Section 2.5), Figure 10.

2.11 Transfections

Cells were transfected with plasmid DNA in order to express recombinant
proteins. Typically, 293T cells were seeded into 35mm dishes at a dilution of 1:5
from a T75 stock flask, in order that the next day cells were approximately 60%
sub-confluent. Lipofectamine™ 2000 (Invitrogen™) was the transfection reagent
of choice. In brief, 4ug of plasmid DNA was added to a tube containing 2504l of
Opti-MEM® Reduced Serum Media (Opti-MEM, Gibco®). In another tube, S5ul of
Lipofectamine™ 2000 was added to 250ul of Opti-MEM. Reactions were
incubated for 5 min at room temperature, then mixed together and incubated for
a further 15 min at room temperature. Finally, the volume in each tube was
adjusted to 1ml with Opti-MEM. The spent media on 293T cells was removed
and was replaced by the transfection reaction. Cells were incubated for 24 hours
at 37°C with 5% CO; and Hj0-saturated atmospheric conditions. The
transfection reagent was then removed and fresh DMEM supplemented with 2%

FBS was added to the cells and allowed to incubate a further 24 hours.

212 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS
PAGE) Gels and Semi-Dry Transfer
Cell supernatants from a 35mm dish were harvested in an equal amount

of 4X SDS Gel loading buffer (Appendix 1). Cells were then washed once with
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Figure 10: Cloning Strategy for the Creation of NiV P-NiV N-CMV Dual
Promoter Construct. A schematic diagram demonstrates the cloning strategy
used to create a NiV N and NiV P dual promoter construct. The CMV promoter,
NiV N gene and SV40 poly A tail was PCR amplified using NiV N-CMV as a
template. The construct was digested with Mlu1 and cloned into NiV P-CMV.
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PBS to remove residual growth media, and then lysed with 250ul of 2X SDS Gel
loading buffer (Appendix 1). Cell lysates were run on a miniature SDS-PAGE gel
to resolve proteins based on molecular weight. All gels included two molecular
weight markers, to help verify protein size, See Blue Plus 2 (Invittogen™) and
Magic Mark™ XP (Invitrogen™), Appendix 5. The former ladder is visualized as
the proteins undergo electrophoresis and transfer and the latter ladder is
visualized on an immunoblot. Magic Mark™ XP (InvitrogenTM) contains 9 protein
standards, which were made from E. coli using a fusion construct containing an
immunoglobulin G (IgG) binding site. This IgG binding site on the protein
standards interact with the secondary antibody thereby allowing visualization by
immunoblot. Protein samples were electrophoresed using the Protean Il mini-
gel system (Bio-Rad) at 100V for 1-1.5 hours. Proteins were resolved on 7-12%
SDS-PAGE gels (Appendix 1) and then transferred onto to a polyvinylidene
fluoride (PVDF) membrane (Hybond P, Amersham Pharmacia Biotech) using a
Trans-blot SD semi-dry transfer apparatus (Bio-Rad). Following electrophoresis,
the gels were soaked in semi-dry transfer buffer (Appendix 1) for 15 min and the
PVDF membrane was activated by treatment in methano! for 30 sec and
extensively washed with semi-dry transfer buffer for another 15 min. The semi-
dry transblot anode plate was wet with transfer buffer and a pre-soaked extra
thick filter paper was placed on the wet surface. The membrane was then placed
on top of the filter paper and the air bubbles were removed by rolling a wet
pipette across the surface of the membrane. The stacking gel of the SDS-PAGE

gel was discarded and the resolving gel was placed on top of the membrane.
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Another pre-soaked extra thick filter paper was then placed on top of the growing
sandwich. The cathode plate was wet with transfer buffer and placed on top of

the sandwich. Proteins were transferred for 90 min at 60mA per gel.

2.13 Immunoblot

Following the transfer of proteins from the SDS-PAGE gel onto the PVDF
membrane, the membrane was blocked with 5% skim milk + 0.1% Tween-20
overnight at 4°C or for 1 hour at room temperature to reduce non-specific binding
of the protein. The blot was then incubated in primary antibody, which was
diluted in blocking buffer, for 1 hour with rocking (Appendix 2). The blot was then
washed three times in phosphate buffered saline (PBS) + 0.1% Tween-20 for 10
min each at room temperature and incubated in the secondary antibody diluted in
blocking buffer for another 1 hour at room temperature with rocking (Appendix 2).
Following the final incubation with antibody, the blot was washed three times in
PBS + 0.1% Tween-20 for 10 min each at room temperature. The proteins of
interest were visualized using the ECL+plus Western Blotting Detection System
(Amersham Biosciences). Following detection, blots were maintained in PBS or
stored at -20°C for long-term storage. If necessary blots were stripped of
antibodies in order to be probed using another set of antibodies. In this case,
blots were incubated with stripping buffer (Appendix 1) for 30 min at 50°C. Blots
were thoroughly washed three times with PBS + 0.1% Tween-20 and
immunoblots were preformed again as just described. If necessary, blots were

quantified using spot densitometry and AlphaEaseFC™ software, standardized
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against the expression of actin and normalized to either 0% or 100% dependant
upon the assay. In general, if recombinant protein expression was being
quantified, then the negative control or mock-transfected cells (Oug of plasmid
DNA) was normalized to 0%, whereas, if viral protein expression was being
quantified, then the positive control (infected cells without other treatments) was

normalized to 100%. Standard deviations of the mean were calculated.

2.14 Separation of Soluble Proteins from Insoluble Proteins

293T cells were seeded into 35mm? dishes at a ratio of 1:5 24 hours prior
to transfection. Cells were transfected as described in Section 2.11, with either
4pg of NiV N-IRES-CMV or 4ug of NiV P-NiV N-CMV. Following transfection
cells were washed three times with sterile PBS and lysed in 200ul of Nonidet P40
(NP-40) Lysis Buffer (Appendix 1) for 1 hour at 4°C with end-over-end rotation.
The cell lysate was clarified by centrifugation at 19 000xg for 15 min. The
supernatants were then added to 1.3ml of a 20% sucrose solution (dissolved in
Tris-NaCI-EDTA (TNE) buffer). The cushion was spun at 130 000xg for 1 hour at
4°C in a Beckman Optima™ TLX Ultracentrifuge. The supernatant was collected
(1.3ml) and the pellet was brought up in 1.3ml of sterile PBS. 375ul of 4X SDS
Gel Loading Buffer + 10% BME was added to each sample. Samples were
loaded onto a 10% SDS PAGE gel. Gel electrophoresis, transfer, and

immunoblot were carried out as described in Sections 2.12 and 2.13.
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2.15 Cellular Fractionation of 293T Cells into Nuclear and Cytoplasmic

Fractions

35mm dishes were seeded with 293T cells at a ratio of 1:5 24 hours prior
to transfection. Cells were co-transfected each, with 4ug of truncated NiV N-
IRES-CMV-HA tagged constructs and/or NiV. P-CMV, using procedures
described in Section 2.11. Cells were lysed in 200ul of Cell Fractionation Lysis
Buffer (Appendix 1) for 10 min at room temperature and then spun at 19 000xg
(13 000 rpm) for 30 min to separate the nuclear fraction from the cytoplasmic
fraction. The cytoplasmic fraction (supernatant) was removed and 50ul of 4X Gel
Loading Buffer + 10% BME was added. The nuclear fraction was washed with
sterile PBS three times and lysed in 250u! of 1X Gel Loading Buffer + 10% BME.
10ul of these reactions were loaded onto a 10% SDS PAGE gel for
electrophoresis and transfer (Section 2.12). Blots were probed with antibodies in
order to visualize specific proteins (Section 2.13 and Appendix 2)

Immunoblots were quantified using AlphaEaseFC™ software. Standard
deviations were calculated from the mean value. In order to assess the statistical
significance between value points obtained, a variety of statistical analyses were
employed using JMP version 7.0 (2007 SAS Institute Inc) programming and a 2-
way ANOVA (analysis of variance) test (116). Data were initially checked for
normality, using the Shapiro-Wilk test (107). The null hypothesis is that the data
are normal, therefore, if the P-value<0.05 then the data will have to be
transformed. The data have a P-value=0.0103, therefore the data were

transformed for normal distribution using a BOXCOX transformation (18). A
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Shapiro-Wilk test was applied to determine the P-value after transformation, and
was calculated to be 0.3337 (107). There were two treatments, NiV N proteins
alone and NiV N proteins in conjunction with NiV P proteins. The response
variable was the percentage of NiV N proteins within the nuclear fraction. P-
values were calculated and P-values<0.05 were considered significant. The
presence of NiV P proteins were found to significantly effect the amount of NiV N
proteins found within the nuclear fraction (P-value<0.0001). As well, the different
NiV N truncated proteins were found to significantly effect the distribution of the
NiV N truncated protein to the nuclear fraction (P-value<0.0001). Finally, there
was a significant interaction between NiV P proteins and the different truncated
proteins (P value=0.0013), meaning that different truncated proteins responded
differently to the presence of NiV P proteins. The data were then analyzed using
a Tukey HOC test, in order to determine which constructs were significantly

different to NiV N proteins or NiV N proteins co-expressed with NiV P proteins.

2.16 Co-Immunoprecipitation Assay
35mm dishes were seeded with 293T cells at a ratio of 1:5 24 hours prior
to transfection. Table 3 describes the constructs transfected, as described in

Section 2.11, for various co-immunoprecipitation experiments.
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Table 3: Details of constructs and amounts of plasmid DNA transfected
into 293T cells for various immunoprecipitation assays

Construct Amount of DNA (ug) Section

NiV P-FLAG and
truncated NiV N-HA 2and 4 4.0

NiV P and truncated NiV

N-HA 2 and 4 4.0
NiV P and truncated NiV

N-CEP 2and 4 4.0
NiV P and truncated NiV

N-CEP 2and 4 50

Transfected cells were washed with PBS and lysed in 1ml of NP-40 lysis buffer
for 1 hour at 4°C with end-over-end rotation. Lysates were cleared of cellular
debris by centrifuging samples at 19 000xg for 15 min. 50ul of immobilized
protein A/G resin (Pierce) was used per reaction. Beads were washed with
Equilibration Buffer (Appendix 1) and then spun at 2 500xg for 3 min. This step
was repeated two times. Cell lysates were pre-cleared by addition of the lysate
to the empty resin and incubation for 2 hours at room temperature with end-over-
end rotation. The pre-cleared lysate was removed by centrifugation at 2 500xg
for 3 min. 50ul of immobilized resin was equilibrated, as previously described.

Table 4 provides details on the resin and antibodies used for each experiment.
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Table 4: Details of resin and antibodies used in immunoprecipitation
assays
; : Quantity Co-
Resin Antibody Immunoppt | .
Properties Company Properties addeq to | Company M lmmtiiloppt
reaction
HA Affinity Rat
. Roche monoclonal N/A N/A NiV N-HA Niv P
Matrix .
anti HA
Anti-GFP Santa Mouse
conjugated Cruz monoclonal N/A N/A NiV N-CFP NiV P
agarose Biotech. anti-GFP
Immobilized moi\ggglsoena! o NiV P-
Prote:r} AIG Pierce anti-FLAG® 4.9ug Sigma FLAG NiV N-HA
resin
M2
Immobilized Mouse
Protein A/G Pierce monoclonal 5.0ug in House NivV P NiV N-CFP
resin anti Niv P

* Describes which protein was immunoprecipitated using the specified

antibodies/resin

** Describe which protein was co-immunoprecipitated using the specified
antibodies/resin

The pre-cleared supernatants were added to the antibody-resin mixture and
incubated overnight at 4°C. The matrix was washed three times with NP-40 lysis
buffer and spun at 2 500xg for 3 min each time to remove wash buffer. Proteins
bound to the beads were eluted by boiling in 20p!l of 2X SDS Gel loading buffer
for 5 min. Beads were spun down at 2 500xg for 5 min and the supernatants
were added to fresh tubes. BME was then added to the supernatants at a final
concentration of 10% and the entire sample was loaded onto a 10 or 12% SDS-
PAGE gels for electrophoresis and transfer, as previously described in Section

2.12. Immunoblots were carried out to visualize the proteins immunoprecipitated

and co-immunoprecipitated, Section 2.13 and Appendix 2.
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2.17 \Visualization of Nucleocapsid-like Structures

Three 35mm dish seeded with 293T cells were transfected with NiV N-
IRES-CMV as described in Section 2.11. 293T cells were washed with sterile
PBS and lysed in a final volume of 300ul of NP-40 lysis buffer (Appendix 1). The
lysate was clarified by spinning the lysates at 2 500xg for 15 min. The clarified
samples were analyzed by negative staining electron microscopy using a Philips

CM120 Transmission Electron Microscope.

2.18 Immunofluorescence Assay (IFA) - Confocal Fluorescent
Microscopy

293T cells were chosen to analyze the expression and staining
characteristics of the NiV N truncated proteins, since these cells were
consistently used throughout this thesis. 293T cells were seeded onto 0.8cm?*
well chamber slides at a ratio of 1:5 24 hours prior to transfection. Plasmid DNA
was transfected into cells using Lipofectamine 2000™ transfection reagent. In
brief, 0.5ug of plasmid DNA was diluted in 25ul of Opti-MEM and 0.5ul of
Lipofectamine™ 2000 was diluted in 25pl of Opti-MEM. Reactions were
incubated for 5 min at room temperature, then mixed together and incubated for
a further 15 min at room temperature. Spent media was removed from cells and
washed one time with Opti-MEM. The transfection mix was then brought up to
200l with Opti-MEM and added to cells. Cells were incubated for 24 hours at
37°C with 5% CO. and Hy0-saturated atmosphere conditions. Following

transfection, cells were prepared for IFA staining. Cells were fixed and
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permeabilized in 4.0% paraformaldehyde-PBS + 0.6% Triton®-X-100 (Fisher
Scientific) for 30 min at 37°C. Cells were washed three times with sterile PBS for
5 min and then blocked in 1% Bovine Serum Albumin-PBS + 0.6% Triton®-X-100
(BSA-Triton-X-100) for another 30 min at 37°C. Cells were incubated with
primary antibodies (Appendix 2), diluted in BSA-Triton-X-100 for 1 hour at room
temperature. Following incubation with the primary antibody, cells were washed
three times with BSA-Triton-X-100. Cells were incubated with AlexaFluor®
conjugated secondary antibodies (Appendix 2) diluted in BSA-Triton-X-100, at
room temperature in the dark. Cells were washed three times with BSA-Triton-X-
100 and fixed once more with 2% paraformaldehyde-PBS for 10 min. Cells were
washed three times with sterile PBS for 5 min and were immediately visualized
with an Olympus IX70 confocal microscope and Fluoview 2.1 software. Cells
were visualized at 60X magnification. Controls to ensure that cross-reactivity
between antibodies or cells was not occurring were carried out for each

experiment, data not shown.

2.19 Immunofluorescence Assay — Visualization of NiV P and NiV N
Protein Expression
293T cells were seeded into 0.8cm?well chamber slides 24 hours prior to
transfection or infection at a ratio of 1:10. Cells were transfected with 0.5ug of
plasmid DNA as described in Section 2.18. A modified version of the IFA
protocol described in Section 2.18 was employed in order to visualize the

expression of NiV N and NiV P. A monoclonal antibody against the NiV P protein
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was added for 1 hour at room temperature, Appendix 2. Cells were washed
three times in BSA-Triton-X-100 for 5 min each. The secondary antibody, goat
anti-mouse-AlexaFluor® 568 (Appendix 2), was added for 1 hour at room
temperature. Cells were washed three times in BSA-Triton-X-100 for 5 min each.
Finally, a monoclonal antibody, mouse anti NiV N-FITC (Appendix 2), against the
NiV N protein was added to the cells for 1 hour at room temperature. The
remaining protocol was carried out as described in Section 2.18. An Olympus
IX70 confocal microscope and Fluoview 2.1 software were used for acquisition of
images. Cells were visualized at 60X magnification. Controls to ensure that
cross-reactivity between antibodies or cells was not occurring were carried out

for each experiment, data not shown.

2.20 Immunofluorescence Assay — Co-localization of NiV N Proteins to the

Nucleus and Cytoplasm

293T cells were seeded into 0.8cm?-well chamber slides 24 hours prior to
transfection or infection at a ratio of 1:12. Cells were transfected with 0.5ug of
plasmid DNA as described in Section 2.18. A modified version of the IFA
protocol described in Section 2.18 was employed in order to visualize the
expression of NiV N proteins within the nuclear or cytoplasmic compartments. A
monoclonal antibody against Poly-ADP-Ribose Polymerase (PARP), a nuclear
protein, was added for 1 hour at room temperature, Appendix 2. Cells were
washed 3 times with BSA-Triton-X-100 for 5 min each. The secondary antibody,

an antibody conjugated with AlexaFluor®647 fluorochrome and the primary
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monoclonal antibody against NiV N conjugated with a FITC fluorochrome was
added for 1 hour at room temperature in the dark. Cells were washed 3 times
with BSA-Triton-X-100 for 5 min each. Finally, phalloidin conjugated with the
AlexaFluor®568 fluorochrome, which binds F-actin, was added to cells for 15 min
at room temperature in the dark. The remaining protocol was carried out as
described in Section 2.18. An Olympus IX70 confocal microscope and Fluoview
2.1 software were used for acquisition of images. Cells were visualized at 60X
magnification. One specific advantage is the use of lasers rather than filters
when visualizing IFAs for co-localization studies. Green fluorescence visualized
at a wavelength of 488nm is excited by the use of an argon laser, while red
fluorescence, visualized at a wavelength of 568nm, and far-red fluorescence,
visualized at a wavelength of 647nm, can be visualized using the krypton laser.
Using a fluorescent microscope, a common problem, which needs to be
compensated for, is the possibility of green emissions bleeding into the red
spectrum, thereby skewing the immunofluorescence results. However, the
krypton laser will not cause excitation within the green spectrum, thereby,
preventing the problems of bleed-through, which would have a negative impact
on co-localization studies. Controls to ensure that cross-reactivity between
antibodies or cells was not occurring were carried out for each experiment, data

not shown.
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2.21 Visualization of NiV F and G Protein-Mediated Fusion

293T cells were transfected in a 35mm dish with either NiV N-CFP or
pPECFP-N1, or plasmids expressing NiV F and G proteins, as described in
Section 2.11. Six hours post-transfection media was removed, cells were
washed with PBS, and 250pl of Accumax™ (Chemicon International) was added
to cells to create a single cell suspension. NiV N-CFP expressing cells or CFP
only expressing cells were mixed with cells expressing NiV F and G proteins at a
ratio of 1:3 and reseeded into a 12-well dish with DMEM supplemented with 2%
FBS. Cells were incubated for 24 hours at 37°C with 5% CO, and H,0-saturated
conditions. Cells expressing both NiV F and G proteins fused with adjacent cells
and formed multi-nucleated giant cells. If cells expressing NiV F and G proteisn
were able to fuse with cells expressing NiV N-CFP, this would demonstrate that
the expression of NiV N proteins is not affecting virus-mediated fusion and
therefore entry. The fusion between cells expressing NiV F and G proteins and
NiV N-CFP would be observed by the presence of fluorescent multi-nucleated
giant cells. Formation of multi-nucleated giant cells was visualized with
fluorescent microscopy using a Zeiss model Axiovert 100 fluorescent microscopy

and software. Cells were visualized at a magnification of 32X.

2.22 NiV Infections
293T cells were seeded into 35mm dishes, at a cell density of 70-80%
sub-confluency (approximately 2x10° cells), 24 hours prior to infection. Cells

were infected with NiV at an MOI of 1 (2x10° IFU/well); NiV was added to cells
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and allowed to adsorb for 1 hour. Virus was removed and replaced with fresh
medium, DMEM supplemented with 2% FBS. Cells and supernatants were
harvested at various time points: 3, 6, 9, 12, 18, 24, 36, and 48 hours post-
infection. Total cell lysates were collected by re-suspending cell pellets in 500ul
of 2X SDS Gel loading buffer and supernatants were harvested by adding 250ul
of supernatants to 250ul of 4X SDS Gel loading buffer for viral protein analysis.
SDS samples were boiled for 15 min at 100°C in CL-4 and another 15 min at
100°C in CL-2, as stipulated by CL-4 standard operating procedures. The
remaining supernatant was stored at -80°C for TCIDsg assays. SDS samples
were loaded onto 7% SDS PAGE gels, electrophoresed and transferred as
described in Section 2.12. Immunoblots were carried out as described in Section
2.13. NiV RNA was extracted from NiV infected cells by re-suspending the cell
pellet in 750ul of TRIzol LS®. RNA extractions were carried out as described in
Section 2.3 using cell lysates rather than supernatants and without the use of
glycogen. All infectious work conducted under CL-4 conditions adhered to strict
protocols stipulated by the Health Canada Laboratory Bio-safety Guidelines

(www.hc-sc.gc.ca/pphb-dgspsp/publicat/lbg-ldmbl-96/index.html).

2.23 NiV Replication — Transfection and Infection

293T cells were seeded onto 35mm plates at a ratio of 1:5 24 hours
before transfection. Increasing amounts of plasmid DNA was transfected into
cells using Lipofectamine™ 2000, as described in Section 2.11. Table 5 provides

the amount of plasmid DNA used for individual constructs throughout this thesis.
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Transfection media was replaced, 24 hours post-transfection, with DMEM

supplemented with 2% FBS and cells were incubated for another 24 hours.

Table 5: Transfection conditions for increasing expression of recombinant
proteins into cells.

Amount of
Construct Name ﬁ;}zl;gétgng(N/; LipofectamineTM
H9 2000/reaction (ul)
NIV N-IRES-CMV 0.0, 0.25, (31%0 1.0, 2.0, 5
NIV P-CMV 0.0, 0.25, %féo 1.0, 1.5, 5
NiV P-NiV N-CMV 0.0, 0.25, (‘)1500 1.0, 2.0, 5
ANIV N-IRES-CMV 0.0, 0.25, (‘)1%0 1.0, 2.0, 5
NIV N-HA-IRES-CMV 0.0, 0.25, 91500 1.0, 2.0, 5
NiV N 1-1401-HA-IRES- | 0.0, 0.25, 0.50, 1.0, 2.0, 5
CMV 4.0
NiV N 163-1599-HA- 0.0, 0.25, 0.50, 1.0, 2.0, 5
IRES-CMV 4.0
NIV N-CEP 0.0, 0.25, 3%0 1.0, 2.0, 5
NiV N 1-162-CEP 0.0, 0.25, (31%0 1.0, 2.0, 5
NiV N 1402-1599-cFp | 00025 050.1.0, 2.0, 5

Cells were infected with NiV or VSV at an MOI of 1 (2x10° IFU/well), 48
hours post-transfection, as described in Section 2.22. Cell lysates and
supernatants were harvested 24 hours post-infection; cell lysates were collected
for protein and RNA analysis, and supernatants were collected for protein and
infectivity analysis, as described in Section 2.22. All infectious work conducted

under CL-4 conditions adhered to strict protocols stipulated by the Health

62




Materials and Methods

Canada Laboratory Bio-safety Guidelines (www.hc-sc.gc.ca/pphb-

dgspsp/publicat/ibg-ldmbl-96/index.himl).

2.24 Infectivity Assay — TCIDsg

293T cells were seeded into 24 well dishes, 24 hours prior to infection, so
that they were 80% sub-confluent at the time of infection. Infectious
supernatants were removed from storage at -80°C and thawed at 37°C.
Supernatants were serially diluted from 10 to 10™° in Opti-MEM for NiV titres and
107" to 1072 for VSV titres. 0.5mL of each dilution was adsorbed onto cells for 1
hour. Virus was removed and replaced with fresh DMEM supplemented with 2%
FBS. Cells were incubated for 48 hours. The presence of cell death and/or the
formation of multi-nucleated giant cells, typical NiV-induced CPE, were analyzed

and calculated into TCIDsg IFU (171).

2.25 Quantitative Real-Time RT-PCR

Real-time PCR is an assay, which can quantitate the production of
amplified DNA; in this case, the assay uses technology based upon the
fluorochrome, SYBR green. SYBR green is able to intercalate into double-
stranded DNA, and subsequently emits a fluorescent signal at 530nm.
Therefore, the generation of PCR amplicons can be measured by the addition of
SYBR green into the reaction mix and the increase in SYBR green emission is
directly proportional to the amount of PCR products generated. This technology

also includes an additional step in order to ensure specificity and sensitivity of the
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results obtained: a melt curve. Once the PCR products have been generated
they are heated up to 95°C slowly to determine its characteristic melting
t{emperature, the temperature at which 50% of the DNA is in single-stranded form
and 50% of the DNA is in double-stranded form. If one product is amplified
during the PCR reaction, one melt peak will be visible. If non-specific products or
primer dimers are formed then additional peaks will be observed, however,
usually at a lower melt temperature and to a lower intensity (LightCycler® RNA
Amplification Kit SYBR Green 1 Version October 2005, Roche Applied Science).
One-step quantitative RT-PCR was completed using LightCycler® RNA
Amplification Kit SYBR Green 1 (Roche) and SmartCycler® Real-Time PCR
technology. In general, a typical 25ul reaction consisted of 5yl of Reaction
Buffer, 3ul of MgCl,, 0.5l of forward primer (20mM) and 0.5pl of reverse primer
(20mM), 0.5ul of Enzyme mix, 1ug of RNA, and the volume was brought up to
25ul with sterile water. See Appendix 3 for a list of primers used in these
reactions. PCR reactions were quantified based on the activation of SYBR
Green and standardized against the production of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) DNA. General cycling conditions are outlined in Table

6.
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Table 6: General thermocycling parameters for real-time RT-PCR

. Cycle
Number of cycles Time Temperature Description
1x 1200 sec 48°C Reverse
Transcription
Denaturation
1x 120 sec 94°C and activation of
polymerase
15 sec 94°C Denaturation
40x 30 sec 52°C Annealing
30 sec 72°C Elongation
1x 60°-95°C Melt Curve

2.26 Strand-Specific Quantitative Real-Time RT-PCR

Strand-Specific RT-PCR analysis was carried out using RNA extracted
from total cell lysates. Primers were designed against the NTR between NiV G
and NiV L genes (Appendix 3). RT reactions were carried out using a NiV G
forward primer (Appendix 3) or a NiV L reverse primer (Appendix 3) to detect
either negative-sense NiV RNA or positive-sense NiV RNA respectively, followed
by real-time PCR. DNA was amplified from viral RNA by employing a strand-
specific RT-PCR using Qiagen’s Sensiscript® RT kit and LC-FastStart DNA
Master SYBR Green 1 PCR kit (Roche) which was subsequently analyzed and

quantified using SmartCycler® Real-Time PCR technology.

2.26.1 Reverse Transcription

In general, a typical RT reaction consisted of 2ul of 10X reaction buffer
RT, 2ul of dNTP (5mM), 1ul of forward/reverse primer (10uM), 1ug of total RNA,

1ul of Sensiscript® Reverse Transcriptase, and sterile water was added to bring
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the reaction up to 20ul. The reaction was incubated at 50°C for 1 hour and the
polymerase was inactivated at 95°C for 5 min, as per the manufacturer's
instructions (Sensiscript® Reverse Transcription Handbook February 2004,

Qiagen). 4yl of this reaction was used to carryout quantitative real-time PCR.

2.26.2 Quantitative Real-Time PCR

A typical PCR reaction consisted of 2.5ul of 10X LightCycler® DNA Master
SYBR Green | reaction mix, 0.5ul of forward primer (20uM), 0.5ul of reverse
primer (20uM), 3ul of MgCl,, 4ul of RT reaction and sterile water was added to
bring the volume up to 25ul. General cycling conditions are outlined in Table 7.
All reactions were standardized against GAPDH RNA levels using LightCycIer®
RNA amplification Kit SYBR Green 1 (Roche) and GAPDH primer sets (Appendix

3), as described in Section 2.25, and relative values were calculated.

Table 7: General thermocycling parameters for real-time PCR

. Cycle
Number of cycles Time Temperature Description
Denaturation
1x 600 sec 95°C and activation of

polymerase
15 sec 95°C Denaturation

30x 30 sec 50°C Annealing

30 sec 72°C Elongation

1x 60°-95°C Melt Curve
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2.27 Northern Blots

5ug of total RNA isolated from each cell lysate was run on a 1% Agarose
— 7.4% formaldehyde gel (Appendix 1). The gel was rinsed in double-distilled
water (ddH,0) and soaked in 20X sodium chloride sodium citrate (SSC) buffer for
15 min (Appendix 1), transferred to a nylon membrane (Hybond N, Amersham
Pharmacia Biotech) using a Vacuum blotter (Model 785 Vacuum Blotter,
BioRad), UV cross-linked (UVC 500 UV Crosslinker, Hoefer) and stored at 4°C in
a sealed plastic pouch until ready for use. DNA probes designed against the NiV
M gene (5 NiV M/3’ NiV M, Appendix 3) and the GAPDH gene (5 GAPDH/3’
GAPDH, Appendix 3) were labelled with a-dATP **P (Redivue® a-dATP 2P,
Amersham) with the Random Primed Labelling Kit as per manufacturers
instructions (Roche) using DNA templates generated by the primer sets
indicated. Membranes were hybridized with the labelled probe overnight at 61°C,
in a hybridization oven (Hybridiser HB-1D, Techne), and subsequently rinsed
with a high salt wash buffer (2X SSC/1% SDS) and then with low salt wash buffer
(0.2X S8SC/M% SDS) for 20 min each at 61°C. Blots were visualized using a
Typhoon 9410 Variable Mode Imager and NiV M mRNA levels were standardized

against GAPDH and quantified using ImageQuant 5.2 software.
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3.0Results

3.1 Rationale and Hypothesis

NiV is a highly virulent virus, which is able to replicate to high titres and
can infect a wide range of different hosts. In order to create necessary antiviral
therapies it is first important to understand how the virus replicates and how the
viral components work together to mediate viral replication.

It has been suggested that the N protein interacts with the P protein in the
polymerase complex to mediate the formation of viral replicase, which
synthesizes both the viral genome and anti-genome (78;154). | hypothesize that
increased expression of recombinant NiV N proteins alone can cause the
premature formation of the viral replicase complex and will subsequently disrupt
normal viral replication patterns. This section has four main objectives: (1) to
characterize the expression of NiV N proteins, (2) to determine the regions within
the NiV N protein that are necessary for binding the NiV P protein, (3) to
determine whether an imbalance in the expression levels of NiV N proteins will
affect viral replication, and (4) whether the interaction between NiV N and NiV P

proteins is hecessary to maintain normal viral replication.

3.2 Characterization and Functional Implications of the NiV N Protein

3.2.1 Production of NiV proteins

293T cells were chosen for these studies, since they robustly express

recombinant NiV proteins and they are capable of efficiently propagating NiV
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(163). A NiV kinetic study was employed to assess the various stages of viral
replication, to gain insights into how quickly NiV can replicate, and to determine
its extent of replication in 293T cells. Additionally, this study would be useful to
gain insights into the characteristics of NiV N protein expression.

In order to assess the production of viral proteins and to determine at what
time point they attained their highest levels of expression, total cell extracts were
assayed by immunoblot and the expression of NiV N proteins were subsequently
quantified by spot densitometry. A number of time points post-infection were
assessed: 3, 6, 9, 12, 18, 24, 36, and 48 hours. Viral proteins were analyzed by
immunoblot in order to determine when viral protein expression is observed and
which viral proteins appear the earliest. A guinea pig-derived polyclonal serum
against NiV, which can detect NiV N, P, Fy, F; and G proteins, was used to
visualize viral proteins. NiV N and P proteins were detected as early as 9 hours
post-infection from cell lysates, Figure 11-upper panel. The remaining viral
proteins that could be detected by the polyclonal serum (NiV G, F,, and F,)
appeared by 18 hours post-infection, Figure 11-upper panel. NiV N protein
expression was at its highest level at the last time point, 48 hours post-infection,

Figure 11-lower panel.
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Figure 11: Kinetics Study Analyzing the Production of Viral Proteins in
293T Cells. Experiments were repeated three times. 293T cells were infected
with NiV at an MOI of 1 (2x10° IFU/well) and protein cell lysates were harvested
at 3, 6,9, 12, 18, 24, 36 and 48 hours post-infection. Cell lysates were analyzed
by immunoblot. Upper panel, Immunocblot- A polyclonal antibody against NiV
was used to visualize the production of viral proteins. lLower panel- Protein
expression, based on NiV N protein expression, was quantified by spot
densitometry and AlphaEaseFC™ software. All samples were standardized
against the expression of actin. Standard deviations of the mean were
calculated.
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Viral proteins found in the supernatant suggested the presence of viral
proteins within the context of virus particles. Supernatants from NiV-infected
cells were collected and viral proteins were visualized by immunoblot in order to
confirm the presence of viral proteins, which were not cell-associated. NiV N and
P proteins, the first proteins to appear, were barely detectable at 9 hours post-
infection and by 12 hours post-infection were clearly visible, Figure 12-upper
panel. The remaining viral proteins, which up until this point had not been
observed by immunoblot, were present in the supernatant by 18 hours post-
infection Figure 12-upper panel. NiV N proteins found in the supernatant were at
the highest levels by 48 hours post-infection. Detectable levels of NiV proteins
from NiV-infected cell lysates were observed slightly earlier than NiV proteins
found in the supernatants. These findings suggest that viral proteins are found
within the supernatant, likely in the context of the virus particle; however, it is also
possible that viral proteins could be found in the supernatants due to cell death
and subsequent lysis of the cell. Furthermore, it is possible that viral proteins
could be secreted from the cell. Overall, viral protein expression was present at
highest levels by 48 hours post infection, in both the cell lysate and the

supernatant.
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Figure 12: Kinetics Study Analyzing the Production of Viral Proteins in
Cell Supernatants. Experiments were carried out in triplicate. 293T cells were
infected with NiV at an MOI of 1 (2x10°% IFU/well) and viral proteins were
harvested from the supernatants at 3, 6, 9, 12, 18, 24, 36 and 48 hours post-
infection. Supernatants were analyzed by immunoblot. Upper panel,
immunoblot- A polyclonal antibody against NiV was used to visualize the
production of viral proteins. Lower panel- Protein expression, based on NiV N
protein expression, was quantified by spot densitometry and AlphaEaseFC™
software. Standard deviations of the mean were calculated.
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3.2.2 Synthesis of NiV RNA

A prerequisite for viral protein production is the presence of viral RNA
(genomic RNA and viral mRNA). Therefore, it is important to be able to detect
and assess when viral RNA levels reached maximal levels. Total NiV RNA levels
were assayed by real-time RT-PCR analysis usingx primers designed against the
NiV N gene (Appendix 3). This method of analysis provided qualitative and
quantitative data on when viral RNA was produced and detected. However, this
assay analyzes the overall production of viral RNA and does not differentiate
between production of NiV N mRNA and genomic or anti-genomic RNA. When
quantified and standardized against GAPDH RNA the results demonstrated that
viral RNA levels were detectable at 12 hours post-infection and increased
significantly between 36 and 48 hours post-infection, Figure 13. It is unlikely that
viral RNA levels would increase significantly more, since the cell monolayer was
nearly destroyed by 48 hours post-infection. Other procedures may have been
employed in order to distinguish between full-length genomic, anti-genomic RNA
and mRNA, such as northern blots or strand-specific RT-PCR. However, these
procedures were not essential for this study, since the objective of this
experiment was to visualize when viral RNA levels reach maximal amounts and
how this may influence the production of progeny virus.

It is evident that the components for viral replication, viral proteins and
viral RNA, were present at very early time points and increased significantly
between 24 and 48 hours. However, there was a discrepancy between when

viral RNA and protein levels peaked, 24 hours and 48 hours respectively. This
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Figure 13: Kinetics Study Analyzing the Production of Total Viral RNA in
293T Cells. Experiments were repeated three times. 293T cells were infected
with NiV at an MOI of 1 (2x10° IFU/well) and cell lysates were harvested at 3, 6,
9, 12, 18, 24, 36 and 48 hours post-infection. Viral RNA was quantified using
Real-Time RT-PCR and Smart Cycler Technology with primers designed
against the N gene. All samples were standardized against the production of
GAPDH RNA. Mean and standard deviations were calculated. Standard
deviations of the mean were calculated.
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finding may be explained by the assay implemented to detect viral RNA. The
real-time RT-PCR assay detects viral mRNA, anti-genome and genome. It could
be possible that the production of viral mMRNA peaked at 24 hours (when viral
proteins peaked) and the production of viral genome and anti-genome continued
to accumulate between 24 and 48 hours post-infection. Additionally, this
discrepancy may also be attributed to the difference in sensitivity of the two

assays.

3.2.3 Generation of NiV infectious particles

Upon the synthesis of viral proteins and viral genomic RNA, these viral
products are assembled at the plasma membrane and are released from the cell
by budding, Figure 3. The next aspect of the viral replication cycle that was
analyzed was the production of progeny viruses. This is an important stage to
analyze since the production of viral particles can be compared to the
accumulation of viral RNA and proteins. The production of infectious virus
particles was determined by TCIDs, infectivity assays. Infectious titres of 2x10*
TCIDsp IFU/ml were present as early as 3 hours post-infection, Figure 14. It is
unlikely that any significant virus replication occurred within three hours of
infection, since viral proteins and viral RNA were not produced at significant
levels until 9 and 12 hours post-infection, respectively; therefore, it is likely that
this value was indicative of the input virus. Over the next 36 hours, viral titres

increased by 2.2-log1, Figure 14.
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Figure 14: Kinetics Study Analyzing the Production of Progeny Virus
from 293T Cells. Experiments were repeated three times. 293T cells were
infected with NiV at an MOI of 1 and supernatants were harvested at 3, 6, 9,
12, 18, 24, 36 and 48 hours post-infection. Viral titres for each time point were
quantified by TCIDg, in 293T cells. Standard deviations of the mean were
calculated.
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These findings demonstrated that by 24 hours post-infection the various
viral components, viral proteins and RNA were present at sufficient amounts to
mediate a significant increase in particle production (>90%). 293T cells

supported NiV replication and generated typical infectious titres.

3.2.4 Expression and characterization of truncated NiV N constructs by

immunoblot

NiV N and P proteins are believed to have an essential role in the
synthesis of full-length viral RNA during replication. Expression of NiV N proteins
may have the ability to disrupt viral replication, and this is thought to occur
through the interaction between NiV N and NiV P proteins and their ability to form
the replicase complex with NiV L proteins. However, before the concept of
disrupting viral replication could be further assessed, it was necessary to
determine the NiV P protein-binding domains found within the NiV N protein.
Recombinant truncated proteins are powerful tools to evaluate various functional
domains within a protein. | hypothesized that by utilizing a variety of Niv N
truncated proteins, various functional domains within this protein could be
identified. Although this method of identifying functional domains is a commonly
used and accepted approach, it is limited by the ability of the truncated protein to
maintain the same structural conformation as the full-length protein. More
specifically, truncating a protein may cause alterations to the normal folding
patterns of the protein. This conformational change may alter the protein’s

function. Therefore, the potential change in structural conformation may provide
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data, which is not true of the full-length protein but rather an artefact of the
truncated protein. Any changes in protein function may be artefacts of truncation
and may not necessarily reflect actual functional changes in protein structure.
Additionally, it must be kept in mind that a functional domain may not be limited
to a single stretch of aa but may rather involve a number of different regions
within the protein.

In order to identify putative regions on the NiV N protein, which are
important for interacting with other viral components, various NiV N protein
truncations were constructed by systematically truncating the protein from the N-
or C-termini. To address the issue of structural stability of the truncated proteins,
a ClustalW alignment program and a secondary structure prediction program,
Jpred, were employed to analyze whether any potential structural motifs were
interrupted by a truncation and whether there were any similar secondary
structure motifs observed between viruses (3;4). These programs were used to
compare the aa sequences between RV N, VSV N, and NiV N proteins in order
to create an alignment based on their conserved sequences. Furthermore, the
secondary structures of VSV N and RV N proteins, two proteins that have
recently been crystallized and their tertiary structures elucidated, were aiso
compared to the predicted secondary structures of the NiV N protein in order to
determine whether NiV N proteins had any secondary structures similarities
when compared to RV and VSV N proteins. The various truncations made to the
NiV N protein were assessed to determine whether they could impair the

formation of any potential a-helices or B-sheet motifs (3). The findings from both
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prediction programs, ClustalW and Jpred, were summarized in Figure 15 and
were used to determine where the truncations were located and which potential
secondary structures might be interrupted. As demonstrated in Figure 15, the
NiV N protein was predicted to contain a number of a-helix stretches (H).
Additionally, when the locations of the truncations (denoted by vertical lines |)
were taken into consideration many of the truncations were located towards the
beginning or end of an a-helix stretch. The interruption of a-helices may cause
structural instability. However, when the truncated proteins were individually
analyzed by the Jpred software, the removal of a portion of the a-helix did not
seem to inhibit the production of the remaining o-helix stretch (data not shown).
Overall, the predicted structural modelling of these constructs did not indicate
any obvious problems with the proposed truncations.

Truncated NiV N genes were PCR amplified using gene specific primers
which also incorporated an HA epitope tag on the 3’ end of the gene (Appendix
3). These amplicons were then cloned into pBK-CMV-IRES. Based on the
design of the aforementioned constructs, additional smaller constructs of the NiV
N gene were cloned into the vector pECFP-N1 subsequently creating an N-
terminal fusion protein with CFP (Appendix 3). This fusion protein was created in
order to ease the visualization of these small NiV N peptides by both IFA and
immunoblot. The presence and sequence of the various NiV N gene inserts, HA-
tagged and CFP-tagged, were verified by DNA sequencing.

To verify expression of the truncated NiV N proteins, cells were

transfected with the various constructs and cell lysates were analyzed by
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Figure 15: Secondary Structure Alignments of NiV, RV, and VSV N
Proteins. A ClustalW alignment (3) was utilized to create an alignment of NiV,
RV, and VSV N proteins. Jpred secondary structure prediction algorithms were
used to identify potential a-helices and B-sheet regions. The results obtained
from these two programs were superimposed. Letters in black represent the
alignment produced from ClustalW software. Letters in red represent the Jpred
secondary structure results (4), H represents helices, and E represents sheets.
Vertical dashed lines represent positions within NiV N where a truncated protein
was designed.
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immunoblot using NiV-, HA- and/or GFP-specific antibodies (Appendix 2). The
molecular weights of the truncated proteins were calculated using Compute
pl/MW software (1) and compared with their observed molecular weights. Table
8 provided the predicted molecular weights and other properties for the various

recombinant proteins produced.
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Table 8: Protein properties of truncated NiV N constructs

~ Construct | AminoAcid |NumberofNiVN|  Molecular
. Name  |PositioninNiVN| AminoAcids | Weight(kDa)
: HA-tagged Constructs e
NiV N 1-1599-
HA-IRES-CMV 1-532 532 59.2
NiV N 1-1401-
HA-IRES-CMV 1-467 468 52.2
NiV N 1-1101-
HA-IRES-CMV 1-367 368 41.9
NiV N 1-801-
HA-IRES-CMV 1-267 268 30.6
NiV N 163-
1599-HA-IRES- 55-532 480 53.3
CMV
NiV N 481-
1599-HA-IRES- 161-532 374 41.8
CMV
NiV N 802-
1599-HA-IRES- 268-532 267 29.8
CMV
NiV N 163-
1401-HA-IRES- 55-467 414 46.3
cMV
G , - CFP-Tagged Constructs
NiV N 1-1599-
CEP 1-532 532 83.4
NIV N 1-162-
CFP 1-54 55 32.9
NiV N 163-480-
CEP 55-160 108 38.5
NiV N 481-801-
CFP 161-267 109 38.3
NiV N 802-
1101-CFP 268-367 102 38.8
NiV N 802-
1401-CEP 268-467 202 48.7
NIV N 1102-
1401-CFP 368-467 162 374
NiV N 1102-
1599-CEP 368-532 167 44 4
NiV N 1402-
1599-CFP 468-532 67 33.9
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Two of the truncations, NiV N 481-1599-HA and NiV N 802-1599-HA,
demonstrated a slight shift in molecular weight when compared to their predicted
values, Figure 16A. These constructs exhibited a 3-5 kDa and 10 kDa shift in
molecular weight from their predicted values, respectively, Figure 16A. In many
situations, proteins are co- or post-translationally modified thus causing an
increase in the apparent molecular weight. Based on the aa sequence of the NiV
N protein, Prosite protein prediction software (2) identified 25 potential
phosphorylation sites, 9 possible N-myristoylation sites, and 2 potential N-linked
glycosylation sites.  Currently, there have been no experimental studies
regarding the post-translational modifications of NiV N proteins. However, other
N proteins within the order Mononegavirales have been shown to be
phosphorylated (7;10;21,;50;54;74,77;92;106;109;132;158;168-170;185) and O-
linked glycosylated (94;190). These studies also demonstrated the role of these
modifications in conferring protein functions. Viral proteins have also been
shown to be myristoylated; however, there are no known N proteins which have
been shown to have this modification (139;145;167;175). Another possible
explanation for the apparent increase in molecular weight could be the presence
of increased proportions of acidic residues such as glutamic acid (E) and aspartic
acid (D), in these proteins. SDS is a negatively charged detergent, which binds
tightly to proteins masking their intrinsic charges and creating a uniform negative
charge that is roughly proportional to the protein’s molecular weight. Acidic
residues do not bind well to SDS due to their intrinsic negative charge and

therefore, have a tendency to migrate in SDS PAGE gels mare slowly. Thus, a
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Figure 16: Expression of the Truncated NiV N Constructs by immunoblot.
Experiments were repeated at least three times. (A) 293T cells transiently
expressing various truncated NiV N-HA proteins were harvested, run on a 10%
SDS PAGE gel and analyzed by immunoblot. A rabbit anti-HA antibody verified
expression of the various truncated NiV N-HA constructs. (B) 293T cells
transiently expressing various truncated NiV N-CFP proteins were harvested, run
on a 12% SDS PAGE gel and analyzed by immunoblot. A mouse anti-GFP
antibody verified expression of the various truncated NiV N-CFP constructs. (*)
identification of truncated proteins based on their predicted molecular weights
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protein rich in acidic residues may appear to have a higher molecular weight.
However, when the truncated NiV N constructs were analyzed, the composition
of acidic residues remained fairly consistent at 12.0%, 11.5% and 11.7% for
constructs NiV N-HA, NiV N 481-1599-HA and NiV N 802-1599-HA, respectively.
In general, a number of factors may be responsible for the apparent increase in
molecular weight, and it is reasonable to assume that a combination of post- or
co-translational modifications of this protein were responsible for the apparent
increase in molecular weight. A number of studies may be employed to assess
the co/post translational modification of a protein, specifically the use of mass
spectrometry as a method to detect the presence of these modifications may be
useful. However, from past studies with other Paramyxoviruses, there has been
no indication that the co/post translational modification of the N proteins would
have any effect on their ability to bind P proteins.

Expression of the NiV N-CFP fusion proteins were visualized using a
GFP-specific antibody, Figure 16B. Apart from the NiV N protein-specific bands,
an additional band at approximately 27kDa was visualized in cell lysates that
expressed the CFP fusion protein, Figure 16B. This band does not appear in
mock transfected cells, but it does appear in all samples that have been
transfected with the ECFP-N1 plasmid backbone, suggesting that this band is
spegcific to the production of CFP but not to the production of the NiV N fusion
protein. When the nucleotide sequence of the pECFP-N1 plasmid backbone was
analyzed more closely, an in-frame translational start site (ATG) was found

towards the beginning of the CFP gene. This indicates that if the NiV N gene
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was cloned directly upstream of the CFP gene, then two proteins could be
translated from this construct, a NiV N-CFP fusion protein and a separate CFP
protein. The molecular weight of CFP was determined to be 27kDa, which
corresponds well with the band’s observed size.

Blots containing the NiV N-HA and NiV N-CFP truncated proteins were re-
probed with a guinea pig-derived polyclonal NiV antiserum, Figure 17. These
blots demonstrated the presence of many truncated NiV N proteins; however, not
all of the truncations were detected, Figure 17. It appears that the NiV antiserum
detects epitopes located in the C-terminus and under some circumstances can
detect epitopes in the extreme N-terminus. Interestingly, NiV N 1-162-CFP was
detected using the NiV antiserum; however, NiV N 1-801-HA and NiV N 1-1101-
HA, which contain this domain, were not visualized. This could be explained by
the potential masking of the epitope with addition of more of the N protein
sequence to the C-terminus. Another important finding was that the additional
27kDa band, seen when expressing the NiV N-CFP fusion protein, was no longer
present, Figure 17B. This suggests that the additional band seen using the GFP
antibody is likely CFP or a portion of CFP. The expression of CFP in
combination with the fusion protein N-CFP would likely not have a negative
impact on the function of the N-CFP fusion protein, since studies have
demonstrated that expression of CFP does not affect viral replication, See

Section 3.2.14.
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Figure 17: Detection of Truncated NiV N Constructs with NiV Specific
Antibodies. (A) 293T cells transiently expressing various truncated NiV N-HA
proteins were harvested, run on a 10% SDS PAGE gel and analyzed by
immunoblot. A guinea pig polyclonal serum against NiV allowed for the
identification of NiV N specific epitopes. (B) 293T cells transiently expressing
various truncated NiV N-CFP proteins were harvested, run on a 12% SDS
PAGE gel and analyzed by immunoblot. A guinea pig polyclonal serum against
NiV allowed for the identification of NiV N specific epitopes.

88

80

40

30
20



Results

3.2.5 Expression and characterization of truncated NiV._N proteins by

immunofluorescence assays

Immunoblots represent denatured proteins, which are separated based on
their molecular weights whereas IFAs detect proteins in a more native state
within cells. This allows the protein expression pattern and distribution within a
cell to be characterized. Punctate staining is a characteristic staining pattern for
NiV N proteins, which is indicative of N proteins binding viral RNA (11). More
specifically, this staining pattern is representative of N protein-oligomerization
and the possible formation of NC-structures through the interaction of N proteins
with RNA and other N proteins. In order to assess whether the truncated
proteins had this distinctive staining pattern, 293T cells were transfected with
various truncated NiV N constructs and IFAs were performed 24 hours post-
transfection. Although 293T cells are not ideal for IFA assays due to their natural
morphology, they were still used because they were consistently employed
throughout the scope of this work. Expression of NiV N proteins was visualized
using a monoclonal antibody against HA, which was conjugated to an
AlexaFluor®488 fluorochrome, while lamin A, a protein found on the inner leaflet
of the nuclear membrane was visualized using a lamin A-specific antibody in
conjunction with a secondary antibody coupled with an AlexaFluor®568
fluorochrome. Confocal microscopy was used to visualize the NiV N proteins,
represented by green fluorescence, and lamin A, denoted by red fluorescence,
Figure 18 and Figure 19. It should be noted that the purpose of these

experiments was to visualize the expression of the NiV N proteins within cells, so
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Figure 18: Expression of Truncated NiV N-HA Constructs in 293T Cells.
293T cells transiently expressing various truncated NiV N-HA proteins were
analyzed by fluorescent confocal microscopy at 60x magnification employing a
Z-axis slice. Cells were fixed and stained with antibodies against the HA-tag, in
conjunction with an AlexaFluor®488 fluorochorome, which is represented by
green fluorescence and lamin A, in conjunction with an AlexaFluor®568
fluorochrome, which is represented by red fluorescence. Co-localization
between NiV N proteins and lamin A is represented by yellow fluorescence.
Blue arrows indicate possible nuclear localization of NiV N proteins with punctate
staining patterns. White arrows indicate possible nuclear localization of NiV N
proteins with diffuse staining patterns.
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Figure 19: Expression of Truncated NiV N-CFP Constructs in 293T Cells.
293T cells transiently expressing various truncated NiV N-CFP proteins were
analyzed by fluorescent confocal microscopy at 60x magnification employing a
Z-axis slice. Cells were fixed and stained with antibodies against the GFP, in
conjunction with an FITC fluorochorome, which is represented by green
fluorescence and lamin A, in conjunction with an AlexaFluor®568 fluorochrome,
which is represented by red fluorescence.  Co-localization between NiV N
proteins and lamin A is represented by yellow fluorescence.
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the transfection protocols were not optimized for increased transfection
efficiency. The positive control, full-length NiV N-1-1599-HA proteins
demonstrated characteristic punctate staining, Figure 18. In addition, NiV N 1-
1401-HA, NiV N 1-1101-HA and NiV N 802-1599-HA also exhibited punctate
staining patterns, Figure 18. These results indicated the presence and ability of
NiV N proteins to aggregate within cells, which may also include their ability to
bind cellular RNA and oligomerize into NC-structures within the cytoplasm.
However, constructs NiV N 163-1599-HA, NiV N 481-1599-HA and NiV N 163-
1401-HA demonstrated a diffuse cytoplasmic staining, implying that these
proteins did not form NiV N protein-oligomers, Figure 18. NiV N 1-801 also
demonstrated diffuse staining patterns throughout the cytoplasm and the
nucleus, Figure 18-white arrows. This finding suggests that the factors
necessary for the predominant cytoplasmic localization of NiV N proteins were
absent or non-functional in the NiV N 1-801-HA protein. This finding will be
discussed more in Section 3.2.6.

The full-length NiV N-CFP construct, NiV N 1-1599-CFP, demonstrated
characteristic cytoplasmic punctate staining, indicating the ability of the NiV N-
CFP to oligomerize into NC-structures and that the presence of CFP did not
interfere with NiV N protein-oligomerization, Figure 19. As a control, CFP was
expressed within cells and its expression was visualized as a diffuse staining
pattern throughout the cell, Figure 19. The truncated constructs, NiV N 1-162-
CFP, NiV N 163-480-CFP, NiV N 481-801-CFP, NiV N 802-1101-CFP, NiV N

802-1401-CFP, NiV N 1102-1401-CFP, NiV N 1102-1599-CFP and NiV N 1402-
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15699-CFP demonstrated diffuse staining patterns throughout the cell, but
predominantly within the cytoplasm, indicating an absence of NiV N protein NC-
structures, Figure 19. Unfortunately, since the NiV N-CFP constructs likely
produced CFP in addition to the NiV N fusion protein, as demonstrated in Figure
16, it is difficult to analyze any potential localization into the nucleus and
therefore, potential sub-cellular distribution of these proteins will not be discussed
further.

These results demonstrated the presence of NiV N protein-specific
punctate staining within transfected 293T cells, indicating the production of NiV N
protein-oligomers. Additionally, a number of the truncated NiV N proteins were
able to maintain this staining pattern and suggested that they were also capable
of forming NiV N protein-oligomeric structures. NiV P proteins are thought to
prevent non-specific binding of NiV N proteins to cellular RNA thereby inhibiting
the formation of oligomeric structures. Therefore, the results obtained in this
section could be applied to experiments in later sections to assess the ability of
the NiV P protein to interact with the truncated proteins and maintain them in a
soluble state. These findings also demonstrated that the NiV N protein could be
found within the nucleus of cells, which will be further analyzed in the following

section.

3.2.6 Localization of recombinant NiV N proteins within the nucleus of cells

A general characteristic of viruses within the order Mononegavirales is that

they encode their own viral polymerases and does not require cellular
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polymerases for viral RNA synthesis. Therefore, viral proteins are thought to be
found solely in the cytoplasm of cells. However, MeV and CDV N proteins have
both been shown to be present within the nucleus in various recombinant assays
(162;166;202). When considering the subcellular distribution of NiV N proteins
more closely, full-length NiV N proteins appeared to localize predominantly within
the cytoplasm of cells. However, a fraction of NiV N proteins was expressed
within the nucleus, Figure 18-black arrows. Additionally, cells expressing NiV N
1-1401 and NiV N 1-1101 also demonstrated similar punctate staining possibly
within the nucleus, Figure 18-black arrows.

Two of the truncated proteins, NiV N 1-801-HA and NiV N 802-1599-HA,
showed significant differences between their protein expression patterns. The
construct containing the N-terminal half of the NiV N protein, NiV N 1-801-HA,
displayed strong nuclear staining, while the C-terminal half of the protein
localized completely within the cytoplasm of cells. These proteins were therefore
analyzed more closely for their distribution within the nucleus and cytoplasm.
The cytoplasm was visualized by detecting the presence of actin, which is a
cytoplasmic-based protein using phalloidin (which specifically interacts with F-
actin molecules) conjugated to an AlexaFluor®568 fluorochrome. The nucleus
was visualized through the detection of PARP, which is a nuclear protein and has
a role in DNA repair and programmed cell death, using an antibody against
PARP in conjunction with a secondary antibody coupled to an AlexaFluor®647
fluorochrome. Finally, the NiV N protein was visualized using a monoclonal

antibody against HA, which was coupled with an AlexaFluor®488 fluorochrome.
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Controls using only secondary antibodies were used to test the specificity of the
antibodies and to ensure that non-specific binding of the antibodies did not occur
(data not shown). The expression of actin is represented by red fluorescence,
PARP is denoted by dark blue fluorescence, and NiV N is designated by green
fluorescence. Co-localization between actin and NiV N proteins is seen as
yellow fluorescence and co-localization between PARP and NiV N proteins is
seen as light blue fluorescence. Confocal microscopy at a magnification of 60x
was utilized in order to visualize multiple cells within one field while at the same
time maintaining sufficient resolution to determine the localization of proteins
within the nucleus or cytoplasm. This allowed the visualization of a variety of
cells, some of which may express the recombinant proteins at high levels and
others at lower levels. Additionally, visualizing multiple cells with similar NivV N
protein expression patterns increases the significance and relevance of the data
shown.

293T cells transiently expressing full-length NiV N-HA proteins
demonstrated characteristic punctate staining patterns, Figure 20. NiV N-HA
sub-cellular distribution was predominantly within the cytoplasm and to a slightly
lower extent within the nucleus, Figure 20-observe the punctate light blue-
staining representing co-localization between NiV N proteins and PARP (black
arrows). Even though only a few cells demonstrated nuclear localization of the N
protein, it may be possible that only ever a small proportion of NiV N proteins
gain access to the nucleus, while the majority of the N protein is found in the

cytoplasm. These results also strengthen the validity of the data described in
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Figure 18, which showed similar expression and sub-cellular localization
patterns.  The truncated proteins, NiV N 1-1401-HA, and NiV N 1-1101,
previously demonstrated similar staining patterns to full-length NiV N-HA
proteins, Figure 18. However, when NiV N 1-801 was analyzed more closely, it
was distributed throughout the whole cell in a diffuse manner and with prominent
localization within the nucleus, Figure 20. The co-localization between NiV N 1-
801-HA and PARP verified its presence within the nucleus, Figure 20-observe
the diffuse light blue staining patterns representing co-localization between
PARP and NiV N 1-801-HA (white arrows). On the other hand, NiV N 802-1599-
HA was found to be present completely within the cytoplasm and co-localized
with actin, Figure 20- observe the co-localization of NivV N proteins and actin
represented by yellow fluorescence. The presence of NiV N 1-801-HA within the
nucleus may suggest that the N-terminal half of the protein contained a nuclear
localization signal (NLS), which was responsible for the protein distribution within
the nucleus. However, it must be kept in mind that even though NiV N 1-801-HA
was found in the nucleus, this may be an artefact due to the truncation of the
protein. It is possible that the NiV N protein does contain a NLS but is a cryptic
NLS, which may or may not have biological relevance. This latter explanation
may also address the finding that NiV N proteins were predominantly located
within the cytoplasm. These results suggested that factors necessary for nuclear
localization were absent or non-functional in the truncated NiV N 802-1599-HA
protein. The presence of NiV N 802-1599-HA within the cytoplasm could be a

result of several factors: (1) a nuclear export signal (NES) may be found within
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Figure 20: Analyzing the Localization Patterns of Truncated NiV N-HA Constructs. 293T cells expressing various NiV N-
HA truncated proteins were analyzed by immunfluorescence assay using confocal microscopy at 60x magnification employing a
Z-axis slice. Detection of NiV N proteins is represented by green, actin, a cytoplasmic protein, is represented by red, and PARP,
a nuclear protein, is represented by dark blue. Co-localization between actin and NiV N proteins is represented by yellow and co-
localization between NiV N proteins and PARP is represented by light blue. Regions within the white boxes are enlarged to 180x
magnification in order to ease visualization of co-localization and are presented in the right-most column. Black arrows indicate
nuclear localization of NiV N proteins with punctated staining patterns. White arrows indicate nuclear localization of NivV N
proteins with diffuse staining patterns. Yellow arrows indicate cytoplasmic staining of NiV N proteins with punctate staining. Pink
arrows indicate cytoplasmic staining of NiV N proteins with diffuse staining patterns
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the C-terminal half of the protein, (2) a potential site in this region of the protein
interacts with another cellular protein to retain the NiV N protein in the cytoplasm,
or (3) the presence of the C-terminal half of the protein induces a structural
conformation which does not favour the exposure of any potential NLS
sequences. The main finding observed is that when expressed alone a small
proportion of NiV N proteins are found within the nucleus of cells. Potential roles
for the NiV N protein within the nucleus have yet to be elucidated. If NivV N
proteins are able to localize to the nucleus, their interaction with Niv P proteins
may have the ability to prevent nuclear localization and maintain the NivV N
proteins in the cytoplasm for the purposes of viral replication. Therefore, by
observing the ability of the NiV P protein to prevent the nuclear localization of Niv
N proteins, this may provide a means to determine regions of the NiV N proteins

that are necessary for binding to NiV P proteins.

3.2.7 Characterization of NiV N proteins when co-expressed with NiV P proteins

within 293T cells

It has been shown that recombinantly expressed recombinant MeV or CDV N
proteins were found within the nucleus of cells (112;162;166;202). Similarly,
when expressed alone NiV N proteins are also within the nucleus of cells,
Section 3.2.6. However, NiV N proteins are typically found within the cytoplasm
during viral replication. Currently, it is unknown whether there is a nuclear
presence of the NiV N protein during viral replication. Furthermore, potential

functions of the NiV N protein within this sub-cellular compartment are currently
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unknown. The predominant cytoplasmic localization of NiV N proteins during
viral replication could be explained by its interaction with the NiV P protein. As is
seen with other paramyxovirus P proteins, NiV P proteins are believed to
maintain N proteins in a soluble state in the cytoplasm, so that they are available
for viral encapsidation and replication (8;29;40;42;43;45;56:60:62;66;87:90:91:
95;134;144;153;172;173;200;205). Therefore, a change in sub-cellular
distribution may be apparent when recombinant NiV N proteins are expressed
either alone or in conjunction with NiV P proteins. Furthermore, exploiting the
ability of NiV P proteins to cause a change in the sub-cellular distribution of NiV
N proteins may make it possible to determine regions within the NiV N protein
that are necessary for the specific interaction with NiV P proteins through the co-
expression of various truncated NiV N proteins and NiV P proteins. One of the
hypotheses of this work suggests that expression of the NiV P protein-binding
domains may have the ability to interact with the transcriptase complex and
disable the functions of both the transcriptase and replicase complexes. The
elucidation of the NiV P protein-binding domains within the NiV N proteins could
then be used to assess this hypothesis.

Primers designed against the NiV P gene were used to amplify the Niv P
ORF from NiV RNA (Appendix 3). Additionally, a FLAG-tag nucleotide sequence
was incorporated onto the 5’ end of the reverse primer to generate a NivV P-FLAG
amplicon (Appendix 3). The FLAG-tag encodes an aspartate-rich, 8 aa
sequence (DYKDDDDK). The NiV P-FLAG construct will be utilized in Section

3.2.8. Positive clones, identified through restriction enzyme digestion screens,
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were subsequently sequenced, and the presence and correct sequence of the
NiV P ORF was verified. NiV P protein expression was verified by transfecting
293T cells with the corresponding plasmid DNA and cell lysates were analyzed
by immunoblot. The expression of NiV P proteins was verified by probing the
immunoblots using NiV-specific antibodies and the observation of a 98kDa band
(Figure 21, left panel), while immunoblots employing a FLAG antibody provided
evidence for the presence of an in-frame FLAG-tag (Figure 21, right panel).
Fractionation experiments were preformed, where the nucleus was
physically separated from the cytoplasm using a weak NP-40 lysis buffer and
further analyzed by immunoblot. This study attempted to identify regions within
the NiV N proteins that were able to interact with the NiV P protein by maintaining
the NiV N proteins within the cytoplasm. Antibodies against a nuclear protein
(histone H3), a nuclear membrane protein (lamin A), a cytoplasmic protein
(actin), and a ubiquitously expressed protein (a-tubulin) (Appendix 2) were used
in order to assess the efficacy of separating the cytoplasmic fraction from the
nuclear fraction. The ability of this separation assay to distinguish between
cytoplasmic proteins and nuclear proteins was demonstrated by immunoblot in
Figure 22. Lamin A, a protein associated with the inner leaflet of the nuclear
membrane, was found only within the nuclear fraction, indicating that this
separation protocol appeared to contain the nuclear membrane. The detection of
actin was used to confirm the presence of cytoplasmic proteins within the

cytoplasmic fraction. Similarly, the ubiquitous expression of a-tubulin also
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Figure 21: Expression of the NiV P-CMV and NiV P-FLAG-CMV Constructs.
293T cells were transfected with NivV P-CMV or NiV P-FLAG-CMV for 48 hours.
Cell lysates were harvested and analyzed by immunoblot. A monoclonal antibody
against NiV P (left panel) verified expression of the NiV P protein, while a
monoclonal antibody against FLAG (right panel) verified the presence of a FLAG
tag on the C-terminal end of the NiV P protein.
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Protein Sub-cellular Molecular Cellular Eractionation
ID Distribution Weight
Nuclear Cytoplasmic
Fraction Fraction
Histone
H3 Nuclear 17kDa

Inner Leaflet of
Lamin the Nuclear 70kDa
Membrane

Actin Cytoplasmic 42kDa

Alpha

Tubulin Ubiquitous 50kDa

Figure 22: Fractionation of 293T Cells into Cytoplasmic and Nuclear
Fractions. 293T cells were fractionated with a weak lysis buffer and high-speed
centrifugation to separate the nuclear and cellular fractions. Immunoblots using
antibodies against histone H3, a small nuclear protein, lamin A, a protein found on
the inner leaflet of the nuclear membrane, actin, a predominantly cytoplasmic
protein and alpha tubulin, a protein expressed ubiquitously throughout the cell were
used to verify the presence of various proteins within the nuclear and cytoplasmic
fractions.
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supported the cellular fractionation protocols, as it was found in both the nuclear
and cytoplasmic fractions. Therefore, this biochemical assay provided an indirect
but effective way of determining the differential localization of specific proteins
between the nucleus and cytoplasm, but it could not discriminate between
proteins embedded in the nuclear membrane and proteins found in the nucleus.
However, the ability of proteins to aggregate and the distribution of these
aggregated proteins must also be taken into consideration. Proteins that form
aggregated structures have the tendency to precipitate out of solution.
Therefore, when the nuclear fraction was harvested by sedimentation, it is
possible that the aggregated proteins could have been pelleted along with the
nuclei. The characteristic punctate staining observed in cells expressing NiV N
protein was indicative of protein aggregation and potential formation of complex
NC-structures, Figure 18 and 20. Therefore, NiV N proteins may precipitate out
of solution and be found within the nuclear fraction. Thus, it should be noted that
the use of the term “nuclear fraction” would likely include the presence of
aggregated proteins. However, it has been proposed that when NiV N proteins
are co-expressed with NiV P proteins, the distribution of NiV N proteins wouid be
maintained in a soluble fashion and will be further analyzed in Section 3.2.15.
Overall, this assay may not have the potential to characterize the interaction of
NiV N and NiV P proteins accurately based on their sub-cellular distribution.
Nevertheless, this assay will be useful in identifying regions that are necessary
for the interaction between the NiV P and N proteins to maintain NiV N proteins

in a useable state for viral encapsidation and replication.
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Cells were transfected with truncated NiV N constructs or co-transfected
with NiV P-CMV, fractionated, brought up to equal volumes using SDS-PAGE gel
loading buffer and visualized by immunoblot. Various statistical applications
were employed to demonstrate whether the data obtained were meaningful and
could be applied to a greater sample size. Data were analyzed using a 2-way
ANOVA test in order to assess a number of variables at one time and to
determine the variance between different variables. The co-expression of NiV N
proteins with NiV P proteins had a significant effect on the distribution of NivV N
proteins (F=25.0259, P<0.0001). The expression of various truncated proteins
had a significant effect on protein distribution (F=19.9824, P<0.0001). Finally,
co-expression of NiV P proteins with the various truncated proteins also had a
significant impact on the distribution of the truncated proteins (F=4.5231,
P=0.0013). A Tukey Post HOC test was used to compare the statistical
differences between the effects that NiV P protein expression had on the
distribution of the truncated NiV N proteins with the effect that NiV P protein
expression had on full-length NiV N proteins. When full-length NiV N proteins
were expressed alone, 72% of the protein was found in the nuclear fraction,
whereas 28% of the NiV N protein was found in the cytoplasmic fraction, Figure
23. Previous IFA data demonstrated that only a limited number of cells had small
amounts of NiV N proteins within the nucleus in comparison to the amount of NiV
N proteins within the cytoplasm. Based on this finding it is highly probable that a

large amount of aggregated NiV N proteins were harvested along with the
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Figure 23: Fractionation of 293T Cells Expressing Truncated NiV N-HA
Constructs. Experiments were repeated three times. 293T cells transiently
expressing various truncated NiV N proteins or co-expressing NiV P proteins were
separated into cytoplasmic/soluble and nuclear/insoluble fractions. (A)
Immunoblot analysis demonstrated the cellular distribution of the truncated
proteins to the cytoplasmic/soluble or nuclear/insoluble fractions. Lanes 1 and 4
are mock transfected cells (negative control), Lane 2 and 5 are cells expressing
NiV N proteins, and Lane 3 are cells co-expressing NiV N and NiV P proteins. (B)
Immunoblots were quantified using spot densitometry and AlphaEaseFC™
software. Standard deviations of the mean were calculated. Upper panel-
demonstrated the protein distribution of cells expressing NiV N-HA constructs.
Lower panel- demonstrated the protein distribution of cells expressing NiV N-HA
and NiV P proteins. Values that are statistically equivalent to NiV N 1-1599 are
represented by * and values that are statistically equivalent to NiV N 1-1599 + NiV
P are represented by *.
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nuclear fraction. As previously suggested, this assay was more indicative of the
solubility of the NiV N proteins than actual sub-cellular localization of NiV N
proteins within the nuclear region. In order to define the terminology of this
assay more accurately, proteins found within the “cytoplasmic fraction” will more
appropriately be termed the “cytoplasmic/soluble fraction”, while proteins found
within the “nuclear fraction” will be termed the “nuclear/insoluble fraction”. When
NiV N proteins were co-expressed with NiV P proteins there appeared to be a
significant shift from NiV N proteins being present in the nuclear/insoluble fraction
(N protein alone= 72%, N + P proteins=41%) to it being present in the
cytoplasmic/soluble fraction (N protein alone= 28%, N + P proteins=59%), Figure
23. Although there was a shift, the presence of the NiV N protein in the soluble
fraction was not 100%. This can be explained by two possibilities: transfected
cells were not expressing both NiV N and NiV P proteins in the same cell or NiV
P proteins did not have the ability to retain all of the NiV N molecules in a soluble
form. This might indicate that NiV P proteins always allow a fraction of N
molecules to be localized to the nuclear/insoluble fraction. In summary, when
NiV N proteins are expressed alone, they are found predominantly within the
nuclear/insoluble fraction. When NiV N proteins are co-expressed with NiV P
proteins, the N proteins are found predominantly within the cytoplasmic/soluble
fraction. These results indirectly described an interaction between the NiV N and
NiV P proteins.

The truncated NiV N proteins were further analyzed with this assay to

determine whether regions of the NiV N protein interacted with the NiV P protein
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could be elucidated based on changes in their sub-cellular distribution and
protein solubility. When expressed on its own, 70% of NiV N 1-1401-HA proteins
localized to the nuclear/insoluble fraction, which was statistically equivalent to the
results obtained when full-length NiV N proteins were expressed alone and
localized predominantly to the nuclear/insoluble fraction, Figure 23. However,
when co-expressed with NiV P proteins, 60% of NiV N 1-1401-HA proteins
remained localized to the nuclear/insoluble fraction, Figure 23. These results
remained statistically equivalent to results obtained with NiV N 1-1401-HA and
NiV N-HA proteins when expressed independently of NiV P proteins; however,
the data obtained were statistically different from data obtained with full-length
NiV N proteins when co-expressed with NiV P, which demonstrated only 41%
expression of NiV N proteins within the nuclear/insoluble fraction, Figure 23.
These results suggest that NiV N 1-1401-HA lost the ability to interact with NiV P
proteins but retained the ability to form aggregates or N protein oligomers.
These results indicated that the C-terminal portion of the NiV N protein likely
contained a NiV P protein-binding domain.

When NiV N protein was expressed alone, 28% of NiV N proteins were
found within the cytoplasmic/soluble fraction, indicating that a fraction of the NiV
N proteins were maintained in a soluble state without the presence of NivV P
proteins. If the interaction between NiV N and NiV P was abolished or the ability
of NiV P proteins to maintain NiV N proteins in a soluble state was disrupted, the
value 28% would be the expected outcome for the localization of NiV N proteins

to the cytoplasmic/soluble fraction. Any values obtained that were significantly
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above 28% would be indicative of an interaction between NiV N and P proteins
and a shift into the cytoplasmic/soluble fraction. When co-expressed with NiV P,
NiV N 802-1599-HA demonstrated a higher amount of protein localized within the
cytoplasmic/soluble fraction, 55% in comparison to the expression of NiV N-HA
alone (28%), Figure 23. This finding was statistically significant, indicating that
NiV N 802-1599-HA was able to interact with NiV P supporting the idea that there
is a NiV P protein-binding domain found within the C-terminal end of NiV N.

The co-expression of NiV N 1-1101-HA with NiV P resulted in statistically
different amounts of protein localized within the cytoplasmic/soluble fraction
(49%) in comparison to the expression of NiVV N-HA alone (28%), Figure 23. The
difference in these results indicated that NiV N 1-1101-HA retained some ability
to be distributed into the cytoplasmic/soluble fraction when co-expressed with
NiV P, suggesting the presence of a possible alternative NiV P protein-binding
site found within the NiV N protein. The remaining constructs did not show any
statistically significant differences between the amount of protein localized within
the cytoplasmic/soluble fraction and the nuclear/insoluble fraction.

The NiV N 1-801-HA, NiV N 163-1599-HA and NiV N 481-1599-HA
proteins localized mainly to the cytoplasmic/soluble fraction independently of the
presence of the NiV P proteins, Figure 23. These results were found to be
statistically equivalent to results obtained when NiV N-HA were co-expressed
with NiV P, indicating that these truncated NiV N proteins, NiV N 1-801-HA, NiV
N 163-1599-HA and NiV N 481-1599-HA, retained their distribution in the

cytoplasmic/soluble fraction without the assistance of the NiV P protein. When
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the corresponding IFA data was taken into consideration, NiV N 1-801-HA, NiV N
163-1599-HA and NiV N 481-1599-HA stained in a diffuse pattern within the cell
in contrast to the punctate staining patterns observed by NiV N-HA protein
expression, Figure 18. These results imply that the factors necessary for N
protein-oligomerization and aggregation were disabled. Therefore, it would be
difficult to visualize an interaction between NiV N and NiV P proteins based on
this solubility/protein distribution assay.

In summary, the C-terminal end of the NiV N protein was shown to be
important for the interaction with NiV P proteins and its ability to maintain NivV N
proteins in a soluble state. The results also suggest that there may be an
additional NiV P protein-binding site located within the N-terminal half of the NiV

N protein.

3.2.8 Interaction of NiV P proteins with truncated NiV N-HA proteins

A previous study has demonstrated that the C-terminal region of the NiV N
protein was necessary for interacting with NiV P proteins (27). This finding has
been supported by the results previously presented. Additionally, the results
presented in Section 3.2.7 alluded to the possibility of an additional NiV P-protein
binding domain found within the N-terminal half of the NiV N protein. In an
attempt to confirm and/or extend the previous results a complementary approach
was used to identify any further NiV P binding domains found within the NivV N

protein. A variety of co-immunoprecipitation assays were preformed, utilizing the
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expression of NiV P proteins and various truncated NiV N proteins from a
mammalian expression system.

The truncated NiV N-HA proteins were immunoprecipitated by an HA
affinity matrix, while the co-expressed NiV P proteins were co-
immunoprecipitated through a specific interaction with the NiV N protein. The
presence of immunoprecipitated and co-immunoprecipitated proteins was
analyzed by immunoblot. An antibody against the HA-tag was used to visualize
the presence of the truncated NiV N-HA proteins, Figure 24-upper immunoblot.
The immunoblot was then stripped and re-probed with a guinea pig-derived
polyclonal serum against NiV to detect the NiV P proteins, Figure 24-lower
immunoblot.  Mock-transfected cells, a negative control, were analyzed by
immunoblot using NiV-specific or HA-specific antibodies and demonstrated that
the antibodies used throughout this assay did not specifically interact with any
cellular proteins, Figure 24. A second negative control, representing cells
expressing NiV P proteins, showed that NiV P was not detected after
immunoprecipitation, Figure 24, demonstrating that NiV P was not able to interact
with the anti-HA matrix. Finally, as a positive control, cells expressing both NiV
N-HA and NiV P showed the presence of both NiV P and NiV N-HA after
immunoprecipitation when analyzed by immunoblot, Figure 24. This finding
indicated that the NiV N-HA protein was immunoprecipitated by the anti-HA
affinity matrix, while the NiV P protein was subsequently co-immunoprecipitated
by interacting with the NiV N-HA protein. The remaining lanes demonstrated the

presence and the ability of various truncated NiV N-HA protein to interact
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Figure 24: Anti-HA Co-immunoprecipitation Assays of NiV P and Truncated
NiV N-HA Proteins. Experiments were carried out in friplicates. Co-
immunoprecipitation assays utilizing cell lysates, which transiently co-expressed
truncated NiV N-HA and NiV P proteins, were employed using an HA-based pull
down. Upper panel- immunoblot probed against the HA-tag, verified the
immunoprecipitation of all 8 NiV N-HA truncated proteins. Middle panel- the
immunoblot was striped and probed for the presence of NiV P using a polyclonal
serum against NiV. Lower panel- a schematic diagram of which truncated NiV N-
HA constructs demonstrated the ability to interact with NiV P; Red represents a
positive interaction, yellow represents a negative interaction.
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specifically with NiV P, Figure 24.

In order to confirm previous resuits and to verify the specificity of the co-
immunoprecipitation assays, an alternative set of immunoprecipitation assays
were conducted. A similar experimental setup was employed as previously
mentioned. A FLAG affinity matrix was used to immunoprecipitate NiV P-FLAG
proteins, while truncated NiV N-HA proteins were co-immunoprecipitated through
an interaction with NiV P. NiV antibodies were used to verify the presence of NiV
P-FLAG (Figure 25- lower immunoblot), while an HA antibody was used to detect
the presence of any co-immunoprecipitated truncated proteins (Figure 25-upper
immunoblot). Table 9 summarizes the observations from the HA-based co-
immunoprecipitation assays and the FLAG-based co- immunoprecipitation
assays. Overall, this table compiles the experimental set up and findings using
the various immunoprecipitation strategies, and distinguished between the
potential and actual proteins that were co-immunoprecipitated.

The findings from these two assays demonstrated that NiV N 1-1401-HA
and NiV N 163-1599-HA were able be co-immunoprecipitated with NiV P thereby
indicating that they interact with NivV P. However, there was one discrepancy
between the two assays, which demonstrated that NiV N 481-1599-HA was not
able to be immunoprecipitated by the FLAG based pull-down. Therefore, only
NiV N 1-1401-HA and NiV N 163-1599-HA were further analyzed, since NiV N
481-1599-HA was not immunoprecipitated by both assays. Examination of the
co-immunoprecipitation results demonstrated that NiV N 163-1599-HA proteins

were able to interact with NiV P proteins even though the N-terminal end of the
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Figure 25: Anti-FLAG Co-immunoprecipitation Assays of Truncated NiV N-
HA and NiV P Proteins. Experimenis were repeated at least three times. Co-
immunoprecipitation assays utilizing cell lysates, which transiently co-expressed
various truncated NiV N-HA and NiV P proteins, were employed using a FLAG-
based pull down. Upper panel- an immunoblot probed against the HA-tag,
demonstrated the co-immunoprecipitation of three out of eight constructs. Middle
panel- the immunoblot was striped and probed for the presence of NiV P using a
polyclonal antibody against NiV, verifying that NiV P-FLAG proteins were
immunoprecipitated. Lower panel- a schematic diagram of which truncated NiV
N-HA constructs demonstrated the ability to interact with NiV P; Red represents a
positive interaction, yellow represents a negative interaction.
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Table 9:

proteins and NiV P proteins

Co-immunoprecipitation assays between truncated NiV N-HA

Proteins to Proteins to Proteins Proteins
Type of Immuno- be Immuno- be Immuno- | Coimmuno-
precipitation recipitated Coimmuno- | precipitated | precipitated
precip precipitated |  (Yes/No) (Yes/No)
NiV P
(Negative -- No -
Control)
NiV N-HA NiV P Yes Yes
NiV N 1- :
1401-HA NivV P Yes Yes
NiV N 1- .
Y NHA basad 1101-HA NiV P Yes No
iV N- ase :
NiV N 1-801- .
Immunoprecipitation HA NiV P Yes No
NiV N 163- .
1599-HA NiV P Yes Yes
NiV N 481- .
1599-HA NiV P Yes Yes
NiV N 802- .
1599-HA Niv P Yes No
NiV N 163- :
1401-HA NiV P Yes No
NiV N-HA
(Negative -- No -
Control)
NiV P-FLAG NiV N-HA Yes Yes
. NiV N 1-
NiV P-FLAG 1401-HA Yes Yes
: NiV N 1-
I PoFLAG based NiV P-FLAG 1101-HA Yes No
V- ase . NiV N 1-801-
Immunoprecipitation | NiV P-FLAG HA Yes No
. NiV N 163-
NiV P-FLAG 1599-HA Yes Yes
: NiV N 481-
NiV P-FLAG 1599-HA Yes No
. NiV N 802-
NiV P-FLAG 1599-HA Yes No
. NiV N 163-
NiV P-FLAG 1401-HA Yes No
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protein was removed. This would suggest that the N-terminal end of the protein
was not important for the interactions with NiV P proteins. In the same way, the
ability of NiV N 1-1401-HA proteins to interact with NiV P proteins even though
the C-terminal end of the protein was removed suggests that the C-terminal end
of the protein was not important for the interaction with NiV P proteins. Together
this would suggest that the interacting domain would likely be found within
residues 55-467. However, an alternative explanation could be that there are
two separate NiV P protein-binding domains, one at each end of the NiV N
protein, thus allowing each of these truncated proteins to interact with NivV P
proteins. The data in Section 3.2.7 also suggested that both the N- and C-
terminal ends of the NiV N protein were necessary for binding the NiV P protein,
Section 3.2.7 (27). Additionally, other closely related paramyxovirus N proteins
have been shown to contain two separate P protein-binding domains, typically at
either end of the N protein, Section 1.7. To address this possibility, the NiV N
protein was fruncated from both the C- and N-terminal ends, represented by the
protein NiV N 163-1401-HA. In both assays, this protein was no longer able to
co-immunoprecipitate NiV P proteins, Figure 24 and Figure 25. Therefore, it is
more likely that the NiV N protein contained two separate P protein-binding
domains, one on the C-terminal end, aa 468-532, and another on the N-terminal
end, aa 1-54. The former results agreed with results previously published by
Chan et al, which stated that aa 469-498 are necessary for binding NiV P
proteins (27). The results shown in Figure 24 and 25 provide new evidence that

a potential NiV P protein-binding site may be located at the N-terminal end of the
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NiV N protein. Interestingly, a number of constructs that contained one of the
two predicted NiV P protein-binding domains were unable to interact with NivV P
proteins in co-immunoprecipitation experiments. It is possible that these
truncated proteins had an altered protein conformation that either made the NiV
P protein-binding domains unavailable or the interactions between the two
proteins were not strong enough to withstand the co-immunoprecipitation assay.
Overall, these results have not been able to demonstrate clearly, where a
possible NiV P binding domain would be localized. Therefore, another set of

truncations were employed to gain further insight into this question.

3.2.9 Interaction of NiV P proteins with truncated NiV N-CFP

The data presented in previous sections has not conclusively
demonstrated that aa 1-54 and 468-532 of the NiV N protein alone are capable of
binding NiV P proteins. Therefore, another series of co-immunoprecipitation
assays were preformed to confirm the interaction between these two domains. In
order to determine whether the N- and C-terminal ends of the NiV N protein were
necessary to bind NiV P proteins a number of much larger NiV N truncations
were created and fused to a C-terminal CFP tag. These constructs were used to
determine whether smaller NiV N peptides were sufficient to interact with NiV P.
Using a similar experimental design (see Section 3.2.8), truncated NiV N-CFP
proteins were immunoprecipitated using a GFP affinity matrix while the co-
expressed NiV P proteins were co-immunoprecipitated through a specific

interaction with NiV N-CFP. This procedure required a slight modification in the
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reagents used for the immunoblot. In order to detect the presence and the ability
of the anti-GFP matrix to immunoprecipitate the truncated NiV N-CFP truncated
proteins, it was necessary to use both the anti-GFP and anti-NiV antibodies
simultaneously (Figure 26-upper right two panels), since the GFP antibodies
were not able to detect expression of all of the truncated proteins. Some of the
truncated NiV N proteins had very strong signals on the immunoblots. It is
possible that the strong signals from some of these truncated proteins masked
the weaker signals of other truncated proteins, thereby impairing their detection.
The immunoblot was then reprobed with a monoclonal antibody against NiV P to
demonstrate the ability of NiV P to interact and co-immunoprecipitate with the
truncated NiV N-CFP proteins, Figure 26-lower right immunoblot. The left panel
of Figure 26 shows the positive and negative controls of the assay as described
in Section 3.2.8. The remaining lanes show the ability of NiV P to interact
specifically with the truncated NiV N-CFP proteins, Figure 26.

In order to confirm the specificity of the previous results, complementary
immunoprecipitation experiments were preformed. Using a recently developed
monoclonal antibody against NiV P, a NiV P-affinity matrix was generated to
immunoprecipitate NiV P proteins, while truncated NiV N-CFP proteins were co-
immunoprecipitated through an interaction with NiV P. A monoclonal antibody
against NiV P was used to confirm that NiV P was immunoprecipitated (Figure
27-lower right immunoblot), while the antibodies against NiV and GFP were used
to demonstrate the presence of the co-immunoprecipitated proteins (Figure 27-

upper right two immunoblot). The findings obtained from the GFP-based and NiV
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Figure 26: Anti-GFP Co-immunoprecipitation Assays of NiV P and
Truncated NiV N-CFP Protiens. Experiments were repeated three times. Co-
immunoprecipitation assays utilizing cell lysates, which transiently co-expressed
truncated NiV N-CFP proteins and NiV P proteins, were employed using a GFP-
based pull down. Left panel- immunoblot using a polyclonal antibody aginast
NiV was used to verify the experimental controls. Upper right panel- an
immunoblot probed with an antibody against GFP verified the
immunoprecipitation of four out of eight truncated NiV N-CFP proteins. Middle
right panel- the immunoblot was striped and probed using a polyclonal serum
against NiV for the presence of the remaining truncated NiV N-CFP proteins.
Lower right panel- the immunoblot was striped and probed with a monoclonal
antibody against the NiV P protein, demonstrating the ability of two out of eight
truncated N-CFP proteins to interact with NiV P proteins. The schematic
diagram demonstrated which truncated NiV N-CFP proteins were able to
interact with NiV P proteins; Pink represents a positive interaction, blue
represents a negative interaction.
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P-based co-immunoprecipitation assays are summarized in Table 10.

Using two complementary co-immunoprecipitation assays, the results
confirmed that NiV N 1102-1599-CFP, NiV N 1402-1599-CFP and NiV N 1-162-
CFP were able to interact with NiV P proteins and be immunoprecipitated. These
data show that the NiV N protein contained two independent binding domains
that were each able to bind NiV P proteins: one located between positions 1 and
54 aa (represented by construct NiV N 1-162-CFP) and another between
positions 468 and 532 aa (represented by construct NiV N 1402-1599-CFP).
These findings confirmed the presence of a NiV P protein-binding site located on
the C-terminal end of the NiV N protein as described by Chen et al and indicated
the presence of a novel NiV P protein-binding domain found on the N-terminus of
the NiV N protein (27). These results provided the foundation to explore the

functions of the NiV N and NiV P proteins during viral replication.
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Figure 27: Anti-NiV P Co-immunoprecipitation Assays of Truncated NiV N-
CFP and NiV P Proteins. Experiments were repeated three times. Co-
immunoprecipitation assays utilizing cell lysate, which transiently co-expressed
truncated NiV N-CFP and NiV P proteins were employed using a NiV P-based
pull down. Left panel- immunoblot containing the experimental controls probed
with a polyclonal antibody against NiV. Upper right panel- an immunoblot probed
with an antibody against GFP demonstrated the presence of three truncated NiV
N-CFP constructs, which were co-immunoprecipitated with the NiV P protein. (*)
predicted location of truncated proteins based on their molecular weights. The
remaining lanes are background bands. Middle right panel- the immunoblot was
striped and, using a polyclonal antibody against NiV, probed for the presence of
any undetected truncated NiV N-CFP proteins. Lower right panel- the
immunoblot was striped and probed with a monoclonal antibody against NiV P,
demonstrating the immunoprecipitation of all samples containing NiV P proteins.
The schematic diagram demonstrated which truncated NiV N-CFP constructs
were able to interact with NiV P proteins; Pink represents a positive interaction,
biue represents a negative interaction.
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Table 10: Co-Immunoprecipitation assays between truncated NiV N-CFP

and NiV P proteins

\ Proteins to Proteins Proteins
Proteins to .
Type of Immuno- b be Immuno- | Coimmuno-
yireg e Immuno- . i A
precipitation recipitated Coimmuno- | precipitated | precipitated
precip precipitated (Yes/No) (Yes/No)
NiV P (-) _ No _
Control
NiV N-CFP NivV P Yes Yes
NiV N 1-162- .
CEP NivV P Yes Yes
NiV N 163- .
480-CEP NivV P Yes No
NiV N 481- .
NivV P Yes N
NiV N-CFP based | 801-CFP ©
Immunoprecipitation | NiV N 802- -
1101-CEP NiV P Yes No
NiV N 802- .
1401-CEP NiV P Yes No
NiV N 1102- .
1401-CEP NiVvV P Yes No
NiV N 1102- .
1599-CFP NiV P Yes Yes
NiV N 1402- .
1599-CFP NiV P Yes Yes
NiV N-CFP _ No _
(-) Control
NivV P NiV N-CFP Yes Yes
. NiV N 1-162-
NiV P CFP Yes Yes
. NiV N 163-
NiV P 480-CFP Yes No
. NiV N 481-
NiV P Yes No
NiV P- based 801-CFP
Immunoprecipitation ; NiV N 802-
NiV P 1101-CEP Yes No
. NiV N 802-
NiV P 1401-CFP Yes No
. NiV N 1102-
NiV P 1401-CFP Yes No
. NiV N 1102-
NiV P 1599-CFP Yes Yes
. NiV N 1402-
NiV P 1599-CFP Yes Yes
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3.2.10 Increased expression of NiV_N proteins correlates with reduced levels of

viral mRNA production

Based on the “two polymerase entry model” the increased availability of N
proteins can skew the balance between transcriptase and replicase formation
towards the increased production of a replicase (78;154). However, the precise
mechanism (or mechanisms) for the interaction between NiV N proteins and the
polymerase complex are not fully understood. By establishing an experimental
system that provided increasing amounts of NiV N protein in cells prior to NiV
challenge, it might be possible to disable the transcriptase complex and
subsequently cause an overall reduction of viral RNA. The proposed mechanism
by which viral RNA synthesis could be disabled depends on the ability of the NiV
N protein to interact with the transcriptase complex to cause the premature
formation of the viral replicase complex. By analogy to the current model for
VSV replication, NiV N could interact with the transcriptase complex by binding to
NiV P (78;154). The premature formation of a viral replicase would disable viral
transcription and subsequently halt viral translation. Therefore, by preventing the
production of essential viral proteins required to mediate the production of viral
RNA, the assembly of virions would be inhibited. | hypothesize that the
interaction between NiV N and NiV P is an essential factor in abrogating viral
replication specifically at the level of viral RNA synthesis. Moreover, it is possible
that the recombinant expression of NiV N has the ability to transform viral
transcriptases into viral replicases. This would result in a decrease in viral

mRNA synthesis, which would then partially explain the mechanism behind the
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impairment of viral replication. However, before examining the role that the
interaction between NiV N and NiV P have in abrogating viral replication, it was
first necessary to determine whether recombinant NiV N was capable of
impairing viral replication.

In an attempt to increase the expression of recombinant NiV N proteins,
an IRES, a nucleotide sequence that directs cap-independent translation of the
ORF, was cloned directly upstream of the NiV N ORF of the NiV N-CMV
construct previously created (Appendix 3). In order to assess whether the IRES
had a positive impact on recombinant NiV N protein expression, 293T cells were
transfected with either NiV N-CMV or NiV N-IRES-CMV and analyzed by
immunoblot. The signals were quantified by spot densitometry and standardized
against the expression of actin before comparison. The addition of an IRES
upstrem of the NiV N gene was able to boost NiV N protein expression by
approximately 20%, Figure 28.

293T cells were transfected with NiV-N-IRES-CMV. The efficiency of
transfection was determined by flow cytometry. Approximately 80-90% of cells
were positive for NiV expression (data not shown). To determine whether the
use of increasing amounts of plasmid DNA during transfections correlated with
an increase in NiV N protein expression, immunoblots were preformed and the
protein signals were quantified. It was observed that increasing amounts of input
plasmid DNA resulted in an increased amount of recombinant protein expression
(Figure 29); similar to what has been observed for other N proteins (141). To

determine whether increased expression of NiV N proteins inhibited viral
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Figure 28: Enhancing the Expression Levels of Recombinant NiV N Proteins.
The presence of a IRES in the vector NiV N-IRES-CMV was able to enhance
expression of NiV N in comparion to NiV N-CMV. Samples were quantified using
spot densitometry and AlphaEaseFC™ software.
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Figure 29: Analysis of NiV Transcription as Expression Levels of NiV N
Proteins Increase. Experiments were carried out in triplicate. 293T cells were
transfected with increasing amounts of NiV N-IRES-CMV plasmid DNA. (A)
Upper panel- immunoblot analysis using a monoclonal antibody against NiV N,
demonstrated increased expression of NiV N proteins. Lower panel -
immunoblots were quantified using AlphaEaseFC™ software and standardized
against actin. (B) Following transfection, cells were infected with NiV at an MOI
of 1 (2x108 IFU/well) for 24 hours. RNA was extracted from NiV infected cell
lysates and analyzed by northern blot. Upper panel - a DNA probe designed
against the M gene was used to detect NiV M mRNA. Lower panel - the
autoradiogram was subjected to phosphoimager analysis, quantified using
ImageQuant software and standardized against GAPDH. Standard deviations of
the mean were calculated.
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transcription, cells transiently expressing various concentrations of NiV N
proteins were infected with NiV at an MOI of 1 (2x10° IFU/well) and incubated for
24 hours. Total RNA extracted from these cells was analyzed by northern biot
using a DNA probe designed against the NiV M ORF to detect NiV M transcripts.
This probe had the potential to recognize NiV M mRNA, NiV anti-genome and
genome. However, bands representing synthesized NiV M mRNA were
discriminated from full-length anti-genomes or genomes based on size. A probe
was designed to detect the presence of GAPDH RNA, which was used as an
internal standard for quantification. Cells expressing high levels of NiV N showed
a 74% decrease in NiV M mRNA compared to cells that did not express any
recombinant NiV N (Figure 29B, compare NiV M band intensities in right lane and
right column with band intensities in left lane and left column). These results
demonstrated that increasing NiV N protein levels had a detrimental effect on
viral mMRNA synthesis, while cellular GAPDH mRNA production was not affected,

indicating a specific inhibitory interaction on viral RNA.

3.2.11 Viral protein production was reduced in the presence of recombinant NiV

N protein

To determine whether viral protein expression was inhibited due to the
increased expression of recombinant NiV N, cell lysates were harvested for
immunoblot analysis. A guinea pig-derived polyclonal antibody against NiV was
used to detect NiV proteins. Detection of cellular actin was used as a

quantitative standard. Cells expressing high levels of NiV N proteins
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demonstrated a 98% decrease in NiV P protein expression levels, in comparison
to cells that did not express any recombinant NiV N proteins (Figure 30, compare
NiV P bands intensities in the right lane and right column with band intensities in
the left lane and left column). The overall expression levels of NiV N remained
high because of the expression of recombinant NiV N proteins, data not shown.
Since recombinant NiV N protein expression remained consistently high, this
indicated that a total shutdown of cellular protein translation did not occur but
rather that viral protein expression was specifically targeted. To assess
specifically whether expression of recombinant NiV N remained at high levels
while viral protein expression (including virally expressed NiV N) decreased,
similar experiments were carried out using a NiV N construct, NiV-N-HA-IRES-
CMV. Cells were transfected with increasing amounts of NiV N-HA-IRES-CMV
plasmid DNA and subsequently infected with NiV. Cell lysates were harvested
and viral protein production was analyzed by immunoblot. Reduced expression
of NiV proteins was observed as the amount of recombinant NiV N-HA
expression increased, Section 3.2.20. Furthermore, this blot was probed with an
antibody against the HA-tag (Appendix 2) to determine the expression of
recombinant NiV N proteins. Increased expression levels of recombinant NiV N-
HA was maintained as the expression levels of other viral proteins decreased,
Section 3.2.20. This experiment showed that increasing levels of the
recombinant NiV N protein was associated with a significant reduction of viral

protein expression.
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Figure 30: Analysis of NiV Translation as Expression Levels of NiV N
Proteins Increase. Experiments were repeated three times. 293T cells
expressing increasing amounts of NiV N proteins were infected with NiV at an
MOI of 1 (2x108 IFU/well) for 24 hours. Cell lysates were harvested and analyzed
by immunoblot. Upper panel- Using a guinea pig polyclonal antibody against NiV,
immunoblot analysis demonstrated a reduction in viral protein expression. Lower
panel- immunoblots were quantified using AlphaEaseFC™ software and
standardized against actin. For all experiments, standard deviations of the mean
were calculated.
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3.2.12 Increased expression of recombinant NiV N proteins correlated with lower

levels of full-length genomic RNA production.

To determine the impact that increasing expression of NiV N had on viral
genomic RNA production, total cellular RNA was extracted from cells that
transiently expressed increasing concentrations of NiV N proteins and were
subsequently infected with NiVV. One-step real-time RT-PCR analysis using a
primer set targeting the NTR of the NiV G and NiV L genes (Appendix 3) showed
that NiV RNA (viral mRNA, full-length genomic and anti-genomic RNA) was
reduced by approximately 90% when expression levels of recombinant NivV N
proteins were high (Figure 31A, compare the relative levels of viral RNA in cells
expressing high levels of NiV N protein, right point, and with cells expressing no
recombinant NiV N protein, left point). Viral mMRNA was believed to be the most
prominent species of RNA detected during NiV replication and a decrease in
mRNA synthesis would likely be manifested as a reduction in total viral RNA
present. Therefore, to look more closely at whether the increased expression of
NiV N proteins had an affect on genome replication, the accumulation of genomic
and/or anti-genomic RNA was analyzed. Strand-specific reverse transcription
was carried out using a forward primer designed in the NiV G gene for detection
of negative-sense full-length genome, or a reverse primer designed in the NiV L
gene for detection of positive-sense viral RNA representing both viral mRNA and
anti-genome coupled with the use of a primer set designed within the NTR of the

NiV G and NiV L genes and real-time PCR (Appendix 3). A 94% decrease in
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Figure 31: Analysis of Viral RNA by Real-Time RT-PCR. Experiments were’
carried out in triplicate. Cells expressing increasing amounts of NiV N were
infected with NiV at an MOI of 1 (2x10% IFU/well) for 24 hours. RNA was
extracted from cell lysates. A primer set designed in the non-translated region
between the NiV G and NiV L genes was designed to detect NiV RNA. (A) One-
step RT-PCR was carried out using real-time SmartCycler technology. Each
reaction was quantified and standardized against GAPDH. (B) Strand-specific
reverse transcription was done using a forward primer designed in the NiV G
gene to detect negative-sense NiV genome (=) or a reverse primer designed in
the NiV L gene to detect positive-sense NiV RNA (A). Realtime PCR was
carried out using SmartCycler technology. Each reaction was quantified and
standardized against GAPDH. For all experiments, standard deviations of the
mean were calculated.
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production of viral genome (Figure 31B, compare relative values between the =
left point and the = right point) and an 86% decrease in positive strand viral RNA
(Figure 31B, compare relative RNA values between the 4 left point and the 4
right point) was observed in cells expressing high levels of recombinant NiV N in
comparison to cells that did not express any recombinant NiV N. Overall,
synthesis of all viral RNA (positive-sense RNA and negative-sense genomic
RNA) was reduced in the presence of elevated expression of recombinant NivV N

proteins.

3.2.13 Production of infectious NiV was reduced in the presence of increased NiV

N protein expression levels.

TCIDsp infectivity assays were used to determine viral titres of cells
expressing increasing amounts of NiV N proteins, which were then exposed to
NiV. Cells that did not express recombinant NiV N proteins produced viral titres
of 5.2x10° TCIDso IFU/m (Figure 32, left lane). In contrast, cells expressing high
levels of recombinant NiV N proteins showed reduced viral titres of 2.8x102
TCIDsp IFU/mI, (Figure 32, right lane). Overall, a 4-logq decrease in viral titres
was observed between cell that did not express any recombinant NiV N proteins
and cells expressing high levels of recombinant NiV N proteins. Decreased
levels of viral mRNA transcripts and viral protein expression likely explain the
observed low de novo generation of NiV infectivity. Since the expression of NiV
N proteins appeared to be responsible for the abrogation of viral replication, a

number of controls were put in place in order to assess whether the NiV N
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Figure 32: Comparison of NiV Titres Between Cells Expressing Increasing
Amounts of Recombinant NiV N Proteins. Viral titrations were done in triplicate
in three separate experiments. Supernatants were harvested from 2937 cells
which transiently expressed recombinant NiV N proteins and were previously
infected with NiV. Serial dilutions from 10" to 10° were adsorbed for 1 hour onto
fresh 293T cells and TCIDg, viral titres were calculated 48 hours post-infection.
Standard deviations of the mean were calculated.
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protein had a direct role in impairing viral replication.

3.2.14 The_expression of recombinant NiV N proteins was responsible for the

reduction in viral translation.

To test whether other components of the RNP complex were capable of
causing reduced levels of NiV protein production, NiV N-IRES-CMV was
substituted with NiV P-CMV. 293T cells were transfected with increasing
amounts of NiV P-CMV and infected with NiV at an MOI of 1 (2x10° IFU/well).
Viral protein production was quantified and standardized against the expression
of actin. Immunoblots using a polyclonal antibody against NiV were used to
determine the expression of the NiV P protein, which increased with increasing
amounts of transfected plasmid DNA (Figure 33-upper panel). A monoclonal
antibody against NiV N proteins was used to visualize any changes of NiV N
protein expression levels during viral replication. Immunoblot analysis
demonstrated a steady level of NiV N protein expression in all samples,
indicating that as levels of recombinant NiV P proteins expression increased
there was no detectable effect on the expression of other NiV proteins (Figure
33-lower panel, compare NiV N protein expression in the right column with
expression levels in the left column). Similar results were obtained when NiV N
was substituted with another viral protein, such as the NiV F protein, or other
proteins such as CFP (data not shown). In contrast to NiV N protein expression,

increasing expression of recombinant NiV P proteins, did not appear to modify
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Figure 33: Analysis of NiV Translation as Expression Levels of NiV P
Proteins Increase. Experiments were repeated three times. 293T cells
expressing increasing amounts of NiV P proteins were infected with NiV N at an
MOI of 1 (2x106 IFU/well) for 24 hours. Cells were harvested and analyzed by
immunoblot. Upper panel — A polyclonal antibody against NiV was used to
detect NiV P proteins. Immunoblots were standardized against actin and
quantified using AlphaEaseFCTM software. Lower panel - A monoclonal
antibody against NiV N was used to analyze expression of NiV N to determine
changes in NiV protein expression levels. immunoblots were quantified using
AlphaEaseFCTM software and standardized against actin. For all experiments,
standard deviations of the mean were calculated.

140



Results

the expression levels of NiV gene products suggesting that the impairment of

viral replication was specific to the expression of NiV N.

3.2.15 The solubility of NiV N proteins

Paramyxovirus N proteins have been shown to bind non-specifically to
cellular RNA and to form “false” NC-structures when expressed alone
(8;12;563;98;123;130). NiV N has been shown to form these same structures as
well (67;181). The presence of “false” NC-structures in cells prior to NiV infection
could explain the apparent decrease in viral replication and production of
progeny viruses. It is possible that the polymerase complexes from the incoming
virus could be attracted to these “false” NC-structures and diverted from “true”
NC-structures. This could cause an overall reduction in the synthesis of viral
RNA. The ability of NiV N to bind cellular RNA, when expressed alone and form
NC-like structures has yet to be fully understood. To determine whether
recombinantly expressed NiV N proteins possessed the ability to form “false” NC-
structures, cells fransfected with NiV N-IRES-CMV were disrupted with an NP-40
lysis buffer and analyzed by negative staining electron microscopy. Figure 34
shows the presence of herringbone structures or NC-like structures in cells
expressing NiV N proteins alone. These structures were not present in mock-
transfected cells (data not shown). This result suggested that NiV N was able to
self-assemble and form “false” NC-structures. However, these experiments do

not confirm that NiV N proteins were bound to cellular RNA.
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Figure 34: Visualization of Herringbone Structures by Electron
Microscopy. Experiments were repeated three times. 293T cells expressing
recombinant NiV N proteins were distrupted in an NP-40 lysis buffer.
Supernatants were used to visualize the production of nucleocapsid-like
structures by electron microscopy.
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The role of the P protein in replication provides some insight into the
potential recruitment of polymerase complexes to “false” NC-structures. The P
proteins of other negative-stranded RNA viruses bind the N proteins and
maintain them in a soluble state, thereby preventing non-specific binding of
cellular RNAs (42;173;200). The P protein is also believed to act as a chaperone
for the N protein, sequestering it to appropriate sites of virus replication where it
can recognize the viral RNA template (42;75;91;173;200). Therefore, the co-
expression of NiV N and NiV P could prevent the formation of N protein
aggregates and the non-specific binding of cellular RNA, by making the N protein
soluble and available for viral replication and “true” NC formation.

To address this issue, a dual promoter construct was created, which
expresses both NiV N and NiV P. Construct NiV P-NiV N-CMV was created by
amplifying the CMV promoter, the NiV N gene and the SV40 poly(A) tail, from the
NiV N-CMV construct (Appendix 3), and cloning it downstream of the NiV P gene
and SV40 poly(A) tail of the NiV P-CMV construct, Figure 9. DNA sequencing
was used to verify the sequence of the NiV P and NiV N ORFs from any positive
clones. Expression of NiV N and NiV P was verified by immunoblot using a
guinea pig-derived polyclonal serum against NiV, Figure 35. Positive controis
were represented by the expression of either NiV N or NiV P proteins individually,
Figure 35. Expression of the NiV P-NiV N-CMV construct was verified by the
presence of two NiV protein bands, one representing NiV P proteins and the
other representing NiV N proteins. Expression of NiV N and P from this construct

was also determined by fluorescent confocal microscopy to ensure co-expression
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Figure 35: Expression of the NiV P-NiV N-CMV construct. 293T cells
transiently expressing either, NiV N, NiV P or NiV N and NiV P together, were
harvested and analyzed by immunoblot. Using a polyclonal antibody against NiV,
immunoblot verified the expression of NiV N and/or NiV P. The lane containing
mock transfected cells acts as a negative control. The lanes individually
expressing NiV N or NiV P proteins are positive controls, while cells transfected
with NiV P-NiV N-CMV demonstrate the expression of both NiV N and NivV P
proteins.
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of the proteins (Figure 36), as well as the predicted co-localization due to the
previously interaction observed between these proteins, Figure 24-27. Cells
expressing NiV N proteins alone were visualized using a mouse monoclonal
antibody conjugated to a FITC fluorochrome, Figure 36- NiV N proteins are
represented by green staining. When the NiV N protein was expressed in celis
alone, it was observed in a characteristic punctate staining pattern, implying N-
protein oligomerization, Figure 36 (11). Cells expressing NiV P proteins alone
were visualized by using a mouse monoclonal antibody against the NiV P protein
in conjunction with a secondary antibody conjugated to an AlexaFluor®568
fluorochrome, Figure 36 — NiV P proteins are represented by red staining. In
addition, the monoclonal antibody against NiV P proteins did not cross-react with
NiV N, nor did the monoclonal antibody against NiV N cross-react with NiV P,
Figure 36. Finally, cells transfected with NiV P-NiV N-CMV demonstrated clear
expression of both NiV N and NiV P as well as co-localization between NiV N
and NiV P (Figure 36, co-localization between NiV N and NiV P proteins was
represented by yellow staining). Additionally, there seemed to be a redistribution
of NiV N from a punctate staining pattern to a diffuse staining pattern when co-
expressed with NiV P, indicating that NiV P maintained NiV N in a soluble state
(Figure 36, compare cells expressing NiV N proteins alone to cells expressing
both NiV N and NiV P proteins).

In order to more directly assess the solubility of the NiV N protein, cells
expressing NiV N or NiV N in conjunction with NiV P were lysed, clarified and

centrifuged through a 20% sucrose cushion. Proteins found within the
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Figure 36: Visualization of NiV N and NiV P Proteins in 293T Cells. 293T
cells expressing constructs NiV N-IRES-CMV, NiV P-CMV or NiV P-NIV N-CMV
were analyzed by fluorescent confocal microscopy at a 60x magnification
employing a Z-axis slice. A monoclonal antibody against NiV N conjugated
with a FITC fluorochrome were used to detect NiV N proteins and are
represented by green. A monoclonal antibody against NiV P used in
conjunction with a secondary antibody containing an AlexaFluor®568
fluorochrome were used to detect NiV P proteins and are represented by red.
Co-localization between NiV N and NiV P proteins is represented by yellow.
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supernatant were considered soluble, while proteins found in the protein pellet
were considered insoluble or aggregated. Immunoblots demonstrated that when
NiV N was expressed alone, it was distributed predominantly within the insoluble
fraction, indicating that it was found in an aggregated form, Figure 37. A small
proportion of NiV N was found in the soluble fraction, Figure 37. However, when
NiV N was co-expressed with NiV P, NiV N was redistributed to the soluble
fraction, while there were no detectable levels of NiV N in the insoluble fraction,
Figure 37. These results indicated that NiV N was predominantly insoluble when
expressed alone, but was maintained in the soluble fraction in the presence of
NiV P. Taken together, these experiments, shown in Figures 36 and 37 clearly

demonstrate the ability of the NiV P to maintain NiV N in a soluble state.

3.2.16 Simultaneous expression of NiV N and NiV P proteins caused an overall

decrease of NiV replication.

Section 3.2.15 demonstrated the ability of NiV P proteins to maintain NiV N
proteins in a soluble state. Therefore, the use of the NiV P-NiV N-CMV construct
was used to answer the question of whether the impairment of NiV replication
could be attributed to the recruitment of the viral polymerase towards “false” NC-
structures. To study the effect that simultaneous expression of both the NiV N
and NiV P proteins had on viral replication, 293T cells were transfected with
increasing amounts of NiV P-NiV N-CMV plasmid DNA and were subsequently
infected with NiV. All stages of the viral replication pathway were analyzed: viral

transcription, translation, replication, and production of progeny viruses. A 75%
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Figure 37: The Solubility of NiV N Proteins.
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Experiments were repeated
three times. 293T cells transiently expressing NiV N proteins alone or both NiV
N and NiV P proteins were lysed with an NP-40 lysis buffer. Supernatants added
to a 20% sucrose cushion and underwent ultracentrifugation at 130,000xg for 1
hour at 4°C. Samples from the supernatant (soluble fraction) and the pellet
(insoluble fraction) were visualized by immunoblot using a monoclonal antibody
against NiV N. Expression of NiV N proteins was quantified using AlphaEase™
software. For all experiments, standard deviations of the mean were calculated.
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decrease in the expression of the NiV Fy protein (Figure 38C, compare
expression levels between the right column and the left column), an 88%
decrease in the amount of NiV M mRNA (Figure 38B, compare transcription
levels in the left lane and left column with the right lane and right column), and a
78% overall decrease in the presence of viral genome (Figure 38D, compare the
presence of genomic RNA levels between the right and left points) was observed
in cells expressing both recombinant NiV N and NiV P. NiV-infected cells not
expressing any recombinant NiV N and NiV P produced viral titres of 4.67x10°
TCIDso IFU/mI, whereas cells expressing NiV N and P at high levels produced
viral titres of 8.7x10° TCIDso IFU/m, Figure 38E. This represents a decrease in
viral titres of approximately 2.5-log (Figure 38E, compare values in the right
column with values in the left column). Similar results were observed when NiV
N alone or NiV N and P proteins together were expressed; i.e. general inhibition
of viral replication at all stages of the replication cycle (Section 3.2.10-3.2.13).
Although NiV N, when co-expressed with NiV P was able to reduce viral
replication, it was only able to cause a 2.5-logo reduction in viral itres, whereas
when NiV N was expressed alone it was able to impair the production of progeny
viruses by 4-logy (Section 3.2.13). The expression levels of NiV N were
compared between cells transfected with NiV N-IRES-CMV or NiV P-NiV N-CMV,
and cells infected with NiV, Figure 39. When 4ug of NiV P-NiV N-CMV were
transfected into cells, NiV N expression was comparable to the expression levels
obtained when 0.25ug of NiV N-IRES-CMV was compared, cells transfected with

0.25ug of NiV N-IRES-CMV plasmid DNA resulted in a decrease in production of
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Figure 38: Analysis of NiV replication when Recombinant NiV N and NiV P
Proteins Simultaneously Increase. Experiments were carried out in triplicate.
293T cells expressing both NiV N and NiV P proteins were infected with NiV at an
MOI of 1 (2x108 IFU/well) for 24 hours. (A) Cell lysates were harvested prior to
infection and analyzed by immunoblot. Upper panel- immunoblot analysis using a
monoclonal antibody against NiV N, demonstrated increased expression of NiV N
protein. Lower panel - immunoblots were quantified using AlphaEaseFC™
software and standardized against actin. (B) Total RNA was extracted from cells
lysates and analyzed the presence of NiV M mRNA by northern blot. Upper panel
- a DNA probe designed against the NivV M gene detected NiV M mRNA. Lower
panel - the autoradiogram was subjected to phosphoimager analysis, quantified
using ImageQuant software and standardized against GAPDH. (C) Cell lysates
were harvested post-infection and analyzed by immunoblot. Using a polycional
guinea pig antibody against NiV, the expression of F, was determined.
Immunoblots were quantified using AlphaEaseFC™ software and standardized
against actin. (D) Total RNA was extracted from cell lysates and used to analyze
the presence of genomic NiV RNA. Strand-specific reverse transcription
employed a forward primer designed in the NiV G gene to detect negative-sense
NiV genome. Real-time PCR was carried out using SmartCycler technology and
a primer set designed within the NTR of the NiV G and NiV L gene. Each reaction
was quantified and standardized against GAPDH. (E) Supernatants were
harvested from cells post-infection and serially diluted from 107 to 10°. Dilutions
were adsorbed for 1 hour onto fresh 293T cells and TCID;, viral titres were
calculated 48 hours post-infection. For all experiments, standard deviations of the
mean were calculated.
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Figure 39: A Comparative Analysis of NiV N Protein Expression.
Experiments were carried out in triplicate. 293T cells transiently expression NiV N
proteins alone, or together with NiV P proteins were harvested and analyzed by
immunoblot. A monoclonal antibody against the NiV N protein was used to detect
the expression levels of NiV N proteins between recombinant NiV N proteins and
viral NiV N proteins. Immunoblots were quantified using AlphaEaseFC™ software
and standardized against actin. Standard deviations of the mean were calculated.
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progeny virus by 0.76-logso whereas (Figure 32), cells transfected with 4.0ug of
NiV P-NiV N-CMV resulted in a decrease in viral titres of 2.5-logy (Figure 38).
These results demonstrated a clear difference between in the ability of NiV N to
abrogate viral replication when expressed at similar levels. More specifically, NiV
N, which was co-expressed with NiV P, were able to inhibit viral replication to a
higher degree than when NiV N was expressed on its own. In general, the
variation between the reduction in viral titres with and without the expression of
NiV P proteins was attributed to the overall weaker expression of NiV N proteins
when using the dual promoter system in comparison to the expression of NiV

when using the NiV N-IRES-CMV construct.

3.2.17 Recombinant NiV_N mRNA was not sufficient for the decrease in viral

proteins, MRNA and full-length genome

To address the possibility of whether recombinant NiV N mRNA (rather
than the N protein) had a role in causing the reduction of NiV replication, the
construct ANiV N-IRES-CMV, a transcriptionally active but translationally inactive
NiV N construct, was produced by site-directed mutagenesis. Transiational
‘ATG’ start sites were mutated to ‘TTG’, diagrammatically represented in Figure
40A (Appendix 3). Changes to the nucleotide sequence were verified by DNA
sequencing. RNA was extracted from cell lysates and analyzed by northern blot
in order to verify the presence of NiV N mRNA, while protein cell lysates were
collected for visualization of the NiV N protein by immunoblot. Using a DNA

probe designed against the NiV N ORF, northern blot analysis was able to detect
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Figure 40: Expression of the ANiV N-IRES-CMV construct. Site directed
mutagenesis was employed to remove the ATG start codon from the NiV N-
IRES-CMV construct. (A) A schematic diagram of the construct is presented,
where the ATG start site is removed thus producing a plasmid, which is able to
synthesize NiV N mRNA but is unable to produce NiV N proteins. (B) Northern
blots, using a DNA probe designed against the NiV N ORF, and immunoblots,
using a monoclonal antibody against NiV N, were used to verify the ability of the
constructs to produce NiV N mRNA and NiV N proteins, respectively.
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the presence of NiV N mRNA from cells transfected with either ANiV N-IRES-
CMV or NiV N-IRES-CMV, Figure 40B. Immunoblot analysis demonstrated that
cells transfected with NiV N-IRES-CMV, the positive control, were able to
express NiV N proteins (Figure 40B- left lane) whereas NiV N proteins was not
detected in lysates from cells transfected with ANiV N-IRES-CMV (Figure 40B-
middle lane). Mock transfected cells acted as a negative control for the
production of NiV N mRNA and proteins (Figure 40B-right lane).

293T cells were transfected with increasing amounts of the ANiV N-IRES-
CMV and were subsequently infected with NiV. Immunoblot analysis did not
demonstrate any significant changes in the levels of viral translation between
cells expressing high levels of recombinant ANV N transcripts and cells
expressing no recombinant ANiV N transcripts (Figure 41, compare NiV P protein
intensity in the right lane and right column with protein intensity in the left lane
and left column). Strand-specific real-time RT-PCR analysis was employed to
detect negative-sense viral genome and positive-sense viral RNA. No significant
changes in production of full-length viral genome or positive-sense viral RNA was
observed between cells, which contained high amounts of the ANiV N-IRES-
CMV construct versus cells that did not contain any ANiV N-IRES-CMV plasmid
DNA (data not shown). These results demonstrated that the increase in
recombinant NiV N mRNA did not silence transcription and translation of NiV
genes nor did it hinder replication of full-length viral genome. These results
indicated that the shutdown of viral replication was specific for the presence of

recombinant NiV N protein.
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Figure 41: Analysis of NiV Replication as NiV N mRNA Increased.
Experiments were carried out in triplicate. (A) 293T cells were transfected with
increasing amounts of ANV N-IRES-CMV, a plasmid that is transcriptionally-
active but translationally-inactive, and infected with NiV at an MOI of 1 (2x10°
IFU/well) for 24 hours. Upper panel- cell lysates were analyzed by immunoblot
using a polyclonal guinea pig antibody against NiV was used to detect the
presence of NiV proteins. Lower panel- samples were quantified using
AlphaEaseFC™ software based on the expression of the NiV P protein and
standardized against actin. Standard deviations of the mean were calculated.
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3.2.18 Increased expression of the NiV N protein did not affect VSV replication in

293T cells.

NiV replication was impaired with increasing expression levels of NiV N
proteins. This finding may be the consequence of NiV N proteins creating an
overall cytotoxic environment within cells or activating the innate immune
response, such as interferon (IFN) o/f production. In order to address the
question of whether cells expressing increasing levels of NiV N proteins
generated an antiviral state or an overall general toxic environment, cells
expressing increasing levels of NiV N proteins were infected with VSV at an MOI
of 1 (2x10° PFU/well). VSV is a virus known to be highly sensitive to the IFN
response and the subsequent production of an antiviral state
(51;562;142;174;206). Immunoblot analysis using a monoclonal antibody against
the VSV G protein (Sigma®) demonstrated that the level of VSV G expression
was consistent regardless of whether cells expressed high amounts of NiV N or
not (Figure 42A, compare the VSV G protein intensity in the left lane and left
column with the protein intensity in the right lane and right column). These
results were supported by TCIDsq viral titre analysis, which showed that there
were no differences in the VSV titres between cells expressing recombinant NiV
N proteins and cells which did not (Figure 42B, compare viral titres in the right
column with viral titres in the left column). These results revealed that the
cellular environment supported VSV replication regardiess of pre-existing

expression of recombinant NiV N.
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Figure 42: The Effect of Increasing Amounts of NiV N Proteins on VSV
Replication. Experiments were repeated three times. Cells expressing
increasing levels of NiV N were subsequently infected with VSV at an MOI 1
(2x108 IFU/well) for 24 hours. (A) Upper panel- total cell lysates were analyzed
by immunoblot using a monoclonal antibody targeted against the VSV G protein.
Lower panel- samples were quantified using AlphaEaseFC™ software and
standardized against actin. (B) Supernatants were harvested and adsorbed for 1
hour onto fresh 293T cells. TCIDg, viral titres were calculated 48 hours post-
infection. Viral titrations were done in triplicate. For all experiments, standard
deviations of the mean were calculated.
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3.2.19 Recombinant expression of NiV_ N proteins did not inhibit receptor-

mediated fusion.

Expression of recombinant NiV N proteins did not seem to inhibit normal cellular
functions such as RNA transcription and protein translation, based on GAPDH
mRNA and Actin protein levels respectively. However, it could be speculated
that the recombinant expression of NiV N proteins could interfere with some
stage of virus entry, possibly by interacting with cellular receptors during
transport to the cell surface. A previous study with MeV demonstrated that MeV
N proteins were able to enter late endosomes, where they were able to interact
with cell surface proteins, and were transported back to the cell surface before
coming in contact with the lysosomes (119). Similarly, processing of NiV F
proteins by Cathepsin L is believed to occur in late endosomes, and these
endosomes are believed to be recycled back to the cell surface allowing
activated NiV F to interact with the NiV G protein (49). Although this is an
unlikely event for NiV N proteins, it could be used to explain the overall
impairment of viral replication with increasing amounts of NiV N protein
expression. To address this question, a receptor-mediated fusion assay was
utilized. This system focused on the recombinant expression of NiV F and G
proteins and subsequent formation of multi-nucleated giant cells or syncytia
(15;16;163;178). The main mechanism behind viral entry into a cell was based
on the ability of the virus to bind to cellular receptors on the cell surface and fuse
the viral envelope with the cellular membrane. Currently, there is no evidence

that NiV particles gain access to cells through cell-mediated endocytosis.
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Furthermore, there is evidence that indicates that endocytosis has no role during
NiV infection (49). Although this study did not utilize a virus-based assay to
demonstrate receptor-mediated fusion, the NiV F and G protein-mediated fusion
assay assesses the ability of NiV N to inhibit the production of multi-nucleated
giant cells (syncytia), which would be a consequence of NiV F and G protein-
mediated membrane fusion and the main mechanism behind viral entry. As a
positive control for fusion, cells expressing CFP were mixed with cells expressing
NiV F and G proteins. 24 hours post-transfection cells were analyzed by
fluorescent microscopy and diffuse CFP staining was seen throughout the large
syncytia (Figure 43B). The results indicated that cells expressing CFP were able
to fuse with cells expressing NiV F and G proteins. Cells expressing the
recombinant NiV N-CFP fusion protein were mixed with cells expressing
recombinant NiV F and G proteins. Figure 43D shows that cells, which were
expressing NiV N-CFP were readily able to fuse and form syncytia with cells
expressing NiV F and G proteins. Expression of NiV N proteins caused a
punctate staining pattern and was apparent within the multi-nucleated giant cells.
In support of these findings, cells expressing increasing amounts of NiV N
proteins demonstrated massive syncytia formation throughout the cell population,
indicating that cells expressing NiV N proteins were infected by NiV (data not
shown). Since this mechanism of fusion was required for viral entry into a cell,
these results suggested that expression of recombinant NiV N proteins did not

block viral entry.
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Figure 43: Analysis of NiV F and G Protein-Mediated Fusion in the Presence
of Recombinant NiV N Proteins. Experiments were repeated three times. 293T
cells transiently expressed either, NiV F and G proteins, NiV N-CFP or CFP. Cells
expressing CFP were mixed with cells expressing NiV F and G (A and B) or cells
expressing NiV N-CFP were mixed with cells expressing NiV F and G (C and D)
and further incubated for 24 hours. The ability of cells expressing NiV N-CFP or
CFP to fuse with cells expressing NiV F and G proteins was visualized by the
presence of fluorescent multi-nucleated giant cells using fluorescent microscopy
at a magpnification of 32X.
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3.2.20 Truncated NiV_N-HA proteins containing either of the functional NivV P

protein-binding domains were essential for the reduced levels of viral

replication

A variety of controls has supported the hypothesis that the NiV N protein
may interact with the NiV P protein in order o mediate the impairment of viral
replication. It has been suggested that recombinant NiV N was responsible for
the abrogation of viral replication due to its potential to convert the NiV
transcriptases into replicases. It was believed that the transcriptase complex
was comprised of the NiV L and the NiV P proteins, while the production of the
viral replicase was thought to occur through the interaction of the NiV N protein
with the transcriptase complex via binding to the NiV P protein. The NiV P
protein-binding domains found within the NiV N protein have been described in
prior sections, Section 3.2.8 and 3.2.9. Therefore, to determine whether the
presence of either of the NiV P protein-binding domains found on the NiV N
protein had any effect of viral replication, a series of experiments were carried
out using constructs NiV N 1-1401-HA, NiV N 163-1599-HA, NiV N 1-162-CFP
and NiV N 1402-1599-CFP. The data from these experiments would determine
whether the interaction between NiV N and P is essential for the abrogation of
viral replication. Furthermore, it will also determine whether the NiV P protein-
binding domains found within the NiV N protein alone are responsible for the
abrogation of viral replication.

The first set of truncated proteins analyzed contained an HA-tag on the C-

terminal end of the protein. NiV N 1-1401-HA is a truncated protein deficient in
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the C-terminal NiV P-protein binding domain, NiV N 163-1599-HA is a truncated
protein deficient in the N-terminal NiV P protein-binding domain, and NiV N 163-
1401-HA is a truncated protein deficient in both NiV P protein-binding domains.
To ensure that the addition of an HA-tag did not affect the ability of the proteins
to function in viral replication, NiV N-HA was used as a positive control. Every
experiment had its own set of internal negative controls.

Cells were transfected and subsequently infected with virus before being
analyzed by immunoblot for the expression of viral proteins. A guinea pig-
derived polyclonal antibody against NiV was used to visualize the production of
NiV P proteins, while an antibody against the HA-tag was used to visualize the
recombinantly expressed HA-tagged NiV N proteins.  Immunoblots were
quantified and standardized against actin. A correlation between the amount of
transfected plasmid DNA and expression of recombinant NiV N-HA proteins was
observed, Figure 44A. Cells expressing high levels of recombinant NiV N-HA
proteins showed a 77% reduction in viral translation of NiV P in comparison to
cells not expressing any recombinant NiV N-HA (Figure 44B, top left panel-
compare NiV P protein band intensities in the right lane and right column with
band intensities in the left lane and left column). Similarly, when NivV N 163-
1599-HA proteins was expressed at high levels, the expression of NiV P was
inhibited by 55% in comparison to cells that did not express any recombinant
proteins (Figure 44B, top middle panel-compare protein intensity in right lane and
right column with the protein intensity in left lane and left column). Cells

expressing high amounts of NiV N 1-1401-HA proteins demonstrated a
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Figure 44: Analysis of NiV Replication as Expression Levels of Truncated NiV N-HA Protein Increase. All
experiments were carried out in triplicate and standard deviations of the mean were calculated. 293T cells transiently
expressing increased amounts of various truncated NiV N-HA proteins were infected with NiV at an MOI of 1 (2x10°
IFU/well) for 24 hours. Upper left panel represents cells expressing NiV N-HA, upper middle panel represent celis
expressing NiV N 163-1599-HA, upper right panel represent cells expressing NiV N 1-1401-HA and lower middle panel
represents cells expressing NiV N 163-1401-HA. (A) Cell lysates were harvested and analyzed by immunoblot using an
antibody against the HA-tag. Immunoblot analysis demonstrated an increase in truncated NiV N-HA protein expression
as amounts of transfected plasmid DNA increased. Immunoblots were quantified using AlphaEaseFC™ software and
standardized against the expression of actin. (B) Cell lysates were harvested and analyzed by immunoblot using a
polyclonal antiserum against NiV. Immunoblot analysis demonstrated the expression levels of NiV P proteins.
Immunoblots were quantified using AlphaEaseFC™ software and standardized against the expression of actin. (C)
Supernatants were harvested and serial dilutions from 10" to 10-° were adsorbed for 1 hour onto fresh 293T cells, and
TCIDg, viral titres were calculated 48 hours post-infection. Viral titrations were done in triplicate.
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suppression of NiV P expression by 79% in comparison to cells, which did not
express any recombinant protein (Figure 44B, top right panel-compare protein
intensity between right lane and right column and left lane and left column).
However, cells expressing increasing amounts of NiV. N 163-1401-HA
demonstrated no significant changes in NiV P protein expression levels when
viral protein levels were assessed (Figure 44B, bottom panel-compare the
protein intensity between all lanes and columns).

The ability of cells expressing various amounts of recombinant NiV N-HA
to produce progeny virus was assessed by TCIDsy assays. Cells expressing high
levels of NiV N-HA proteins demonstrated a 3.2-logyy decrease in viral titres in
comparison to cells not expressing any recombinant proteins (Figure 44C, top left
panel-compare the viral tifres between the right and left columns). Cells
transiently expressing high levels of NiV N 163-1599-HA demonstrated a 3.2-
logio decrease in infectious titres observed in contrast to cells that did not
express any recombinant proteins (Figure 44C, top middle panel-compare the
viral titres between the right and left columns). Similarly, there was a reduction in
viral titres of 4.4-logig between cells that did not express any recombinant
proteins and cells expressing high amounts of NiV N 1-1401-HA (Figure 44C, top
right panel-compare the viral titres between the right and left columns). In
contrast, when viral titres were compared between cells expressing recombinant
NiV N 163-1401-HA and cells not expressing any recombinant proteins, viral
titres varied within 1-logio of each other (Figure 44C, bottom panel-compare the

viral titres between all columns). These results demonstrated that a recombinant
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protein deficient in both NiV P binding domains did not have an adverse effect on
NiV ftitres.

These results demonstrate an overall dysfunction in viral replication when
increased amounts of recombinant NiV N-HA proteins containing one or both NiV
P protein-binding domains were present in cells. However, when both of the NiV
P protein-binding domains were removed from the NiV N protein, there was no
detectable effect on viral replication. These results suggest that the interaction
between NiV N and NiV P proteins was essential to the abrogation of NiV

replication.

3.2.21 Truncated NiV_N-CFP proteins containing either of the functional NiV P

binding domains were able to impair viral replication

The previous results demonstrated the importance of the NiV P protein-
binding domains in the disruption of viral replication. The experiments described
in this section were designed to determine whether the expression of the
recombinant NiV P protein-binding domains alone, NiV N 1-162-CFP or NiV N
1402-1599-CFP, could have any effect on viral replication. The recombinant NiV
N 1-162-CFP protein contained the N-terminal NiV P protein-binding domain,
while the protein NiV N 1402-1599-CFP contained the C-terminal NiV P protein-
binding domain.

Cells were transfected with the truncated NiV N-CFP constructs and were
subsequently infected with NiV, as previously described. Cell lysates were

analyzed by immunoblot to visualize the expression of the viral and recombinant
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proteins, as previously described. A guinea pig-derived polyclonal antibody
against NiV was used to visualize the presence of the NiV P protein, while an
antibody against GFP was used to visualize the presence of the recombinant NiV
N-CFP proteins. As a positive control, it was necessary to confirm whether the
recombinant protein, NiV N-CFP, was able to inhibit viral replication. The results
of these experiments demonstrated that cells expressing high levels of NiV N-
CFP had a 55% lower level of NiV P protein expression in comparison to cells
expressing no recombinant proteins (Figure 45B, left panel-compare NiV P
protein band intensities in right lane and right column with band intensities in left
lane and left column). When the truncated proteins were assessed by
immunoblot, cells transiently expressing NiV N 1-162-CFP demonstrated an 80%
reduction in NiV P protein expression between cells expressing high amounts of
NiV N 1-162-CFP and cells not expressing any recombinant proteins (Figure
45B, middle panel-compare protein intensities between right lane and right
column with protein intensities from left lane and left column). Cells transiently
expressing NiV N 1402-1599-CFP demonstrated a 61% reduction in NiV P
protein expression between cells expressing high amounts of NiV N 1401-1599-
CFP in comparison to cells not expressing any recombinant NiV N proteins
(Figure 45B, right panel-compare protein intensities in right lane and right column
to protein intensities in left lane and left column). These results demonstrated
that the regions containing the NiV P protein-binding domains from the NiV N

protein were capable of abrogating viral translation.
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Figure 45: Analysis of NiV Replication as Expression Levels of Truncated NiV N-CFP Protein Increase. All experiments
were carried out in triplicate and standard deviations of the mean were calculated. 293T cells transiently expressing increased
amounts of various truncated NiV N-CFP proteins were infected with NiV at an MOI of 1 (2x108 IFU/well) for 24 hours. Left
panel represents cells expressing NiV N-CFP, middle panel represent cells expressing NiV N 1-162-CFP, and right panel
represent cells expressing NiV N 1402-1599-CFP. (A) Cell lysates were harvested and analyzed by immunoblot using an
antibody against GFP to detect the CFP fusion tag. Immunoblot analysis demonstrated an increase in truncated NiV N-CFP
protein expression as amounts of transfected plasmid DNA increased. Immunoblots were quantified using AlphaEaseFC™
software and standardized against the expression of actin. (B) Cell lysates were harvested and analyzed by immunoblot using
a polyclonal antiserum against NiV. Immunoblot analysis demonstrated the expression levels of NiV P proteins. Immunoblots
were quantified using AlphaEaseFC™ software and standardized against the expression of actin. (C) Supernatants were
harvested and serial dilutions from 10" to 10-° were adsorbed for 1 hour onto fresh 293T cells, and TCIDs, viral titres were
calculated 48 hours post-infection. Viral titrations were done in triplicate.
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When viral titres were assayed, cells expressing high levels of NiV N-CFP,
showed a 3.2-logo decrease in viral titres in comparison to cells not expressing
additional recombinant proteins (Figure 45C, left panel-compare viral titre
between the right and left columns). Cells expressing high amounts of NiV N 1-
162-CFP demonstrated a 3.1-logso decrease in viral titres when compared to
cells not expressing any recombinant proteins (Figure 45C, middle panel-
compare viral titre between the right and left columns). Similarly, a 2.7-log1o
reduction of viral titres was observed between cells expressing and not
expressing NiV N 1402-1599 recombinant proteins (Figure 45C, right panel-
compare viral titre between the right and left columns). These results confirmed
the influence that a peptide encoding one of the two NiV P protein-binding sites
of NiV N could abrogate viral replication. These findings suggested that there
was a dysfunction in the proper production of the viral polymerase complexes
and that the interaction between NiV N and NiV P proteins was likely responsible

for this inhibition.
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4.0 Discussion

The NiV N protein is critical fro the process of viral replication. However, a
balance between viral protein expression and production of viral RNA is essential
in the maintenance of NiV replication. The central findings presented in this
study clearly demonstrate that by providing increasing levels of the NiV N protein
alone NiV replication was suppressed in a dose-dependent manner.
Furthermore, the NiV P protein-binding sites found within the NiV N protein alone
were sufficient to suppress viral replication, while other portions of the NiV N
protein were not. From the results obtained, a model for the suppression of NiV
replication by the presence of recombinant NiV N proteins was developed. It is
believed that the recombinant expression of NiV N proteins caused the
premature formation of the viral replicase by binding to the transcriptase complex
through an interaction with the NiV P protein, thus causing a suppression of viral

transcription and subsequent viral replication.

4.1  Eliminating Factors which could be Responsible for the Suppression
of Viral Replication
The results obtained throughout this thesis supported the idea that viral
replication was disabled in response to the recombinant expression of NiV N.
The proposed mechanism for this inhibition is that the recombinant NiV N
proteins may have the ability to prematurely convert the transcriptase complexes
into replicase complexes. This conversion would prevent the production of viral

mRNA, but the newly formed replicase complex should be competent for the
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production of viral genome and anti-genome. However, the transformation of the
transcriptase complex into a replicase complex would have a negative effect on
viral transcription and subsequent viral protein production, thereby causing a
decrease in viral replication. However, it was still possible that the disruption of
viral replication could also be due to several alternative explanations. These
alternatives may involve factors that interfered with specific aspects of viral
replication or those that initiated various host responses as a result of excess

expression of the NiV N protein.

4.1.1 The host's response to increased expression of NiV N proteins

Innate immunity is the first response by the host against foreign
pathogens. Upon viral infection of a naive host, an immediate non-specific attack
is mounted by the host in response to the invading pathogen. This triggers the
activation of a number of response pathways, which converge upon the
production of IFN. The presence of IFN also promotes the production of IFN-
stimulated genes, which help to establish an antiviral environment (28). RNA
viruses have the ability to stimulate the IFN response through the interaction of
various viral moieties, such as double-stranded RNA, with toll-like receptors
(101). Once activated, these receptors proceed to activate the IFN pathway.

One possibility is that the IFN pathway was activated in response to
increased expression of NiV N proteins in 293T cells. Other viral N proteins,
such as the MeV N protein and the VSV N protein, have been shown to have a

role in activating various stages of the IFN pathway (118;182;183). Additionally,
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the production of “false” NC-structures has been suggested to be a possible
initiation factor of the IFN response (182). Therefore, the formation of “false” NC-
structures by the NiV N protein could have played a role in activating the host’s
innate immune responses. However, when recombinant NiV N proteins were
maintained in a soluble state by co-expression with NiV P, NiV N were still
capable of inhibiting viral replication, Section 3.2.15. Therefore, it was unlikely
that the formation of “false” NC-structures and activation of the innate immune
response was the mechanism responsible for the impairment of viral replication
in this experimental setup.

Presently, it is not understood whether NiV N proteins have the ability to
trigger the IFN response. However, 293T cells are thought to be deficient in the
ability to respond to IFN (Personal Communication with Hana Weingartl);
therefore, the establishment of an antiviral state in 293T cells is unlikely.
Nevertheless, control experiments using VSV, a virus known to be highly
sensitive to the establishment of an antiviral state (51;52;122;142;174;206),
demonstrated that cells expressing increased levels of NiV N did not impair the
ability of VSV to replicate normally. This indicated that mechanisms of the innate
immune response were not triggered in this experimental setup. Additionally, the
ability of VSV to replicate normally in cells also indicated that vital cellular
functions were not hampered by the over-expression of NiV N proteins. More
specifically, the cellular components necessary for viral translation were not
consumed by the expression of recombinant NiV N proteins, thereby allowing

other viral proteins to be synthesized.
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4.1.2 The response of NiV replication to excess amounts of NiV N mRNA

RNA interference is an effective way of inhibiting viral replication and has
been developed as an antiviral strategy. In this technique, small interfering
RNAs and short hairpin RNAs directed against a specific component of the viral
genome have been effective at inhibiting viral replication from a variety of viruses
(5;22,68;72;99;113). Additionally, the presence of larger RNA sequences, such
as viral genes, have also been demonstrated to interfere with viral replication.
The presence of N genes for a variety of RNA viruses demonstrated an inhibitory
effect on viral replication. A study with Rift Valley Fever Virus (RVFV) has
determined that the presence of the RVFV N RNA molecules were able to inhibit
the production of progeny viruses independent of the expression of the RVFV N
proteins (13). Similar studies with LaCrosse virus and Dengue virus also
demonstrated viral interference induced by RNA molecules based on the N gene
(63;138;151;152). In the same way, it is possible that the NiV N RNA produced
from the NiV N-IRES-CMV construct was capable of interfering with viral
replication. However, studies utilizing a ftranscriptionally-active but
translationally-inactive NiV N construct indicated that the inhibition of NiV
replication was specifically mediated by the expression of the NiV N proteins and
not the NiV N mRNA. Therefore, NiV N RNA did not appear to contribute to the
impairment of viral replication. This finding does not rule out the possibility that
RNA molecules designed against the NiV N gene could have a role in interfering

with viral replication. However, RNA interference does not seem to be
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responsible for the decrease in viral replication observed within this experimental

setup.

4.1.3 NiV replication in response to increased expression of viral proteins

Since NiV N mRNA did not seem to have a negative effect on viral
replication, it was clear that the presence of the NiV N proteins was necessary to
impair viral replication. Recent studies with BDV have demonstrated that
expression of recombinant BDV N, P or X proteins, all of which are components
of the BDV RNP complex, were capable of abrogating viral replication (69).

Altering the levels of the RNP components in a viral system could have
adversely effect the balance between viral transcription and genome synthesis.
As previously mentioned, the expression of N proteins was needed for the
transformation of the transcriptase complex into the replicase complex. This
process must therefore be regulated to prevent a disruption of viral replication.
Therefore, an over-expression of BDV N proteins would be expected to inhibit
viral replication and would further be supported by the findings observed with NiV
N proteins.

Unlike what had been observed for NiV, the other components of the RNP
complex, BDV X and P were also able to inhibit viral replication. It is possible
that the effect observed by the BDV X and P employed alternative mechanisms
of inhibition, which were responsible for the impairment of viral replication. The
BDV X protein is believed to negatively regulate the viral polymerase through an

interaction with BDV P; the mechanisms behind this regulation are unclear (147).
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Therefore, since expression of BDV X has the ability to inhibit the polymerase
function, it would be expected that increased expression of the X protein would
likely impair virus replication. Nevertheless, paramyxoviruses do not have an X
protein or a known equivalent protein as a component of their RNP complex, so
the effect that the X protein could have on viral replication it is not likely a factor
with respect to the findings observed within this thesis. Based on the model for
VSV, the role of the P protein during viral replication is to act as a co-factor for
the L protein, and to maintain N proteins in a soluble state so that they are
available for viral replication. Insufficient levels of P proteins will have a negative
effect on viral replication. However based on the current theories of replication,
increased levels of the P protein would not be expected to interfere with the
production of viral RNA. Unlike the NiV N proteins, which were shown to inhibit
viral transcription (Section 3.2.10), the P proteins were not expected to inhibit a
specific aspect of viral replication. Instead, it was possible that the increased
expression of the BDV P proteins had an indirect negative effect on viral
replication, by possibly activating a host response. However, the effect that
increasing the expression of BDV P proteins had on viral replication, and possibly
the host response, may not be applicable for other viruses. NiV P proteins were
expressed at high levels in 293T cells and did not have any negative effects on
viral replication, suggesting that viral replication was not affected nor was an
inhibitory host response initiated and that the inhibition of NiV replication is a

direct result of the increased expression of the NiV N protein.
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4.1.4 NiV F and G protein-mediated fusion in the presence of recombinant NiV

N proteins

Viral entry is the first stage at which viral replication could be disrupted. If
the cellular receptors, which allow the attachment of NiV to the cell membrane
were blocked viral replication could also be subsequently impaired. Receptor-
mediated viral interference has been demonstrated for NiV by the expression of
recombinant NiV G proteins (163). It has been described that cells stably
expressing NiV G proteins were resistant to infection at the level of viral entry
(163). These authors suggested that the recombinant NiV G protein was able to
occupy the viral receptors preventing the virus from binding and entering cells
(163). It could be possible that NiV N proteins could similarly interact with the
cellular receptors (ephrin B2 and ephrin B3) and subsequently block viral entry.
Previous studies with MeV, have demonstrated that MeV N proteins can be
found on the surface of cells associated with cell surface proteins (119). There
are a number of possibly ways that NiV N proteins could interact with cellular
receptors to inhibit viral entry. NiV N proteins could interact with newly
synthesized cellular receptors within the cell and prevent them from being
transported to the cell surface. NiV N proteins could interact with newly
synthesized cellular receptors within cells and this complex couid be transported
to the surface of the cell, while the presence of the NiV N protein may block the
docking sites for viral entry. For these two scenarios to occur NiV N proteins
would have to be shunted through the secretory pathway, which is unlikely since

NiV N proteins have not been shown to be targeted towards the endoplasmic
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reticulum (ER) or golgi. However, studies specifically looking at whether NivV N
proteins are targeted to the ER/golgi have not been done. The final possibility
could be that NiV N proteins interacted with surface proteins or was secreted
from cells using an alternative pathway. Then it may be possible that NivV N
proteins could interact with cellular receptors found on the surface of adjacent
cells thereby blocking viral attachment and entry. Other viral N proteins have
demonstrated their ability to interact with proteins on the cell surface. For
example, MeV N proteins have been shown to be released from cells and
capable of binding two distinct surface proteins on cells: FcyRIl, which has a
speculated role in immunosuppression and a new cellular receptor termed “the
nucleoprotein receptor” (108;155). Therefore, it could be possible that NivV N
proteins bound to the cellular receptor and blocked the ability of the virus to
attach to cells, thereby causing the reduction in viral replication. If viral entry
were inhibited at increasing levels of NiV N proteins, this would be observed by a
dose-dependent reduction in viral replication. Results demonstrated that in the
presence of excess amounts of NiV N proteins NiV F and G protein-mediated
fusion was not inhibited. Since NiV N proteins did not inhibit NiV F and G-
mediated fusion, the viral core was likely delivered into cells containing excess
amounts of N protein. These findings suggested that instead of interfering with
viral entry the NiV N protein must be interfering with a later stage of viral

replication.
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4.1.5 The effect of “false” NC-structures have on NiV replication

It has been commonly observed that paramyxovirus N proteins cause a
punctate staining pattern in cells when visualized by IFA (8;11). This staining
pattern is indicative of the ability of N proteins to encapsidate RNA, whether
cellular or viral RNA, and form elongated NC-structures (8). Encapsidation of the
viral genome is mediated through an interaction between the N protein and its
corresponding P protein (42;173;200). P proteins are believed to maintain N
proteins in a soluble form by directing them towards binding viral RNA and
preventing non-specific binding to cellular RNA (42;75;91;173;200). Therefore,
the production of NC-structures is likely representative of targeted binding of viral
RNA. The findings in this thesis demonstrated that cells expressing recombinant
NiV N proteins were capable of forming herringbone structures, which resembled
typical NC-structures. It could be speculated that the incoming viral polymerase
might be recruited towards “false” NC-structures and away from replication of the
‘true” NC-structures, thereby causing a reduction in viral replication. This
question was addressed by maintaining NiV N proteins in a soluble state through
the co-expression of NiV P proteins. It was observed that when NiV N was
maintained in a soluble state by co-expression with NiV P, NiV N was able to
suppress viral replication to similar levels as NiV N when expressed alone.
These findings indicated that the recruitment of the viral polymerase towards
“false” NC-structures was not the main mechanism for the suppression of viral
replication. Instead it is likely that the production of “false” NC-structures

rendered the N protein unavailable to interfere with viral replication. It was found
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that when maintained in a soluble state, the weak expression of NiV N proteins
was capable of inhibiting viral replication to the same extent as when NiV N
proteins were expressed alone and at higher levels. These results suggested
that by maintaining NiV N proteins in a soluble state it was more effective at
disrupting viral replication. Therefore, it is possible that when NiV N is found in
“false” NC-structures, it was effectively rendered unavailable and incapable of
interacting with the transcriptase to cause the premature formation of the

replicase and the subsequent abrogating of viral replication.

4.1.6 The disruption of viral replication

Several lines of evidence indicated that the functions of the polymerase
complex were compromised by over-expression of the NiV N protein. It was
demonstrated that viral replication was impaired at all stages of the replication
pathway when recombinant NiV N proteins were over-expressed.

It has been suggested that as NiV N protein levels increase in an infected
cell, the production of viral genomic RNA would begin (103;110;188). As
expected, the results presented in this work demonstrated that the synthesis of
viral mRNA was suppressed by increasing amounts of the NiV N proteins, which
was indicative of low or non-existing presence of the viral transcriptase.
Therefore, it was thought that with increasing levels of NiV N protein, the
production of viral genomic RNA would accumulate, rather than viral transcripts.
However, experimental results showed only low levels of viral full-length RNA

found in cells expressing high amounts of N or N and P proteins. Since viral
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transcription was disabled and the production of viral proteins was subsequently
diminished, the viral L proteins needed to synthesize viral genomic RNA were not
produced and therefore were not available to propagate the production of full-
length RNA. The synthesis of viral full-length RNA was observed at low levels
likely due to the pre-existing viral polymerase and genomic RNA, which were
introduced during infection. From these results, the following hypothesis was
proposed to explain the observed impairment of viral replication, Figure 46. Prior
to infection, NiV N proteins were recombinantly expressed in cells. Upon viral
attachment to the cellular receptors and release of the viral RNP into cells, the
transcriptase complexes became saturated with recombinant NiV N proteins
creating a functional replicase complex through the interaction of the NivV N
proteins with the NiV P protein. This replicase complex was deficient in
synthesizing viral transcripts but it was able to synthesize full-length viral RNA.
Nevertheless, the synthesis of viral genome would be disabled due to the lack of
available viral proteins, such as the NiV L proteins, which are essential for the
synthesis of full-length viral RNA. Therefore, full-length viral RNA was produced
at minimal levels, while only the polymerase complexes present from the input
virus were available for the synthesis of mMRNA. Additionally, virus assembly and
egress would also be inhibited due to the lack of viral proteins, such as the NiV M
protein, which is responsible for viral budding and plays an important role in virus
assembly. During a normal infection, the process of transcription and synthesis
of viral genome are regulated based on the availability of NiV N proteins during

the viral life cycle. However, upon the addition of NiV N proteins, the production
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Normal Virus Infection Recombinant System
Viral Transcription/Translation

Viral Replication

Figure 46: Proposed Mechanisms Driving the Reduction of NiV Replication. Left Side — during normal viral replication, the
incoming RNP complex allows for the synthesis viral mRNA by the transcriptase complex, subsequently leading to production of
viral proteins. Once the proteins needed to synthesize the viral genome are produced, the NiV N protein binds to the
transcriptase complex forming a viral replicase complex. This complex mediates the production of viral full-length RNA.  Right
side — upon release of the viral RNP into cells, the preexisting recombinant NiV N proteins are able to bind to the viral
transcriptase and convert it into a viral replicase, leading to the inhibition in viral transcription and therefore a halt in viral
translation. The viral replicase is able to synthesize viral full-length RNA, however, the lack of viral proteins presents prevents
the propagation of viral (anti-) genome. Therefore, the amount of full-length viral RNA is suppressed. Overall, the preexisting
expression of recombinant NiV N causes an abrogation of both viral transcription and synthesis of viral (anti-)genome.
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of viral RNA was disrupted. The shutdown of all viral RNA production caused a

suppression of viral replication and production of progeny virus.

4.2 NiV P-Binding Domains Within the NiV N Protein Mediate Viral

Interference

The interaction between the NiV N protein and NiV P protein has two main
functions during the synthesis of viral RNA: (1) viral genome encapsidation and
(2) formation of the viral replicase complex. The primary hypothesis in this thesis
is that pre-existing recombinant NiV N proteins can interact with the NiV
transcriptase complexes to create NiV replicase complexes prematurely, thus
causing the termination of viral replication. The formation of the viral replicase is
believed to occur through an interaction between the NiV N protein and the NivV P
protein of the transcriptase complex (78). Therefore, the elucidation of the NiV P
protein-binding domains found on the NiV N protein provided a useful tool to
confirm whether the interaction between NiV N and NiV P proteins was essential
to the impairment of viral replication or whether the NiV N protein was interacting
with the polymerase complex in a different manner. Two separate NiV P protein-
binding domains were identified on the NiV N protein, one at the extreme N-
terminus (aa 1-54) and the other at the extreme C-terminus (aa 468-532). These
results supported a previous study, which identified a NiV P protein-binding
domain within the C-terminal end of NiV N (27). However, the results presented
here demonstrate the presence of an additional NiV P protein-binding domain

within the N-terminal end of the NiV N protein. If impairment of viral replication
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occurs by the premature production of the viral replicase complex, when
expressed in cells, the NiV P protein-binding domains within the NiV N protein
may be capable of similarly disabling viral replication. The small NiV N peptides
encompassing the NiV P protein-binding sites alone might occupy the NiV N
protein-binding site on the NiV P protein of the transcriptase complex and
prevent full-length NiV N proteins from binding. Binding of these peptides may
not convert the transcriptase complex into a functional replicase complex, but
may likely have the ability to disable the functions of the polymerase. By
expressing various truncated NiV N proteins, it was confirmed that the NiV P
protein-binding domains were essential in suppressing viral replication. The
presence of one of the two NiV P protein-binding sites from the NiV N protein
was sufficient to cause a similar decrease in viral replication as was seen with
full-length NiV N proteins. Removal of both of the NiV P protein-binding domains
rendered the truncated NiV N protein unable to interfere with viral replication.
These results suggested that the presence of the NiV P protein-binding domains
found within the NiV N protein were capable of interfering with the functions
and/or formation of the viral polymerases.

The presence of the N-terminal NiV P protein-binding domain correlated
with a greater reduction in viral translation when compared to the presence of the
C-terminal NiV P protein-binding domain. The C-terminal NiV P protein-binding
domain did not have as much of a dramatic effect on viral translation; instead, it
was capable of suppressing the production of progeny viruses at comparable

levels. These results suggested that the N-terminal NiV P protein-binding
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domain of the NiV N protein might be more efficient at creating a replicase
complex, thereby disabling the transcriptase and subsequent production of viral
proteins, and abrogating the production of infectious virus. While the C-terminal
NiV P protein-binding domain did not have the ability to disable the transcriptase
complex to the same extent as the N-terminal domain, it is possible that the C-
terminal domain was able to compromise the function of the viral replicase or
render it non-functional. This possibility would explain how viral translation was
not greatly reduced, but viral titres were reduced to the same extent as when full-
length NiV N was expressed in cells. Overall, it was observed that the NiV P
protein-binding domains found within the NiV N protein were essential for the
disruption of viral replication, while other components of the NiV N protein were
not capable of impairing viral replication. However, it remains unclear whether
the truncated NiV N proteins/peptides were able to form a functional replicase
complex, as would be expected with the presence of full-length NiV N protein.
The C-terminal NiV P binding domain has the ability to interact with the
NiV N protein-binding site found on the transcriptase, but it was not able to
reduce viral translation to the same extent as the N-terminal domain. Therefore,
it is not understood whether this region was important for the conversion of the
transcriptase into the replicase or whether it was simply occupying the NivV N
binding site and preventing full-length NiV N from binding and forming a
functional replicase complex. Data from the fractionation/solubility studies also
indicated that the C-terminal NiV P protein-binding site was important for

maintaining NiV N in a soluble form, while the N-terminal NiV P protein-binding
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domain did not have such a significant role. The removal of the C-terminal NiV P
protein-binding site from the NiV N protein prevented NiV P proteins from being
able to retain the truncated NiV N protein in a soluble form. These results imply
that this site was essential for viral encapsidation. The production and
encapsidation of viral genomic RNA is a highly dynamic process and the
presence of two NiV P protein-binding domains found within the NiV N protein
could have two separate roles during the viral life cycle. It is hypothesized that
the main function of the N-terminal domain of the NiV N protein is responsible for
the formation of the replicase complex, while the main function of the C-terminal
domain of the NiV N protein is to interact with NiV P to maintain NiV N proteins in

a soluble state thereby directing them towards viral encapsidation.

4.3 Additional Factors which may Enhance the NiV N-Mediated

Impairment of Viral Replication.

This body of work proposed that the formation of a premature replicase
complex plays a major role in the suppression of viral replication. This is
dependent upon the interaction between the NiV N protein and the NiV P protein
of the transcriptase complex. Although the proposed mechanism, that the
premature formation of the replicase was believed to be the dominant
mechanism behind the abrogation of viral replication, other factors may play a
role.

When the production of progeny viruses was compared to the number of

cells initially infected, the data obtained from this study indicated that when cells
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transiently expressed NiV N proteins more that 99% of cells were resistant to
replicating NiV. However, only 80-90% of cells were shown to be transfected
(flow cytometry data not shown) and expressing NiV N proteins; therefore,
additional factors likely aided in the ability of the NiV N protein to mediate the
impairment of viral replication in the 10-20% of non-transfected cells. One
possible explanation could be that NivV N proteins are secreted from cells and
taken up by naive cells to mount their protective affects. It is possible that NiV N
proteins could adopt similar strategies of MeV N proteins. MeV N proteins have
been shown to enter the late endocytic pathway, where they were subsequently
found on the cell surface and secreted into the cell supernatant (119).
Furthermore, these N proteins were internalized by naive cells (108;119;155).
Therefore, if NiV N proteins could be secreted from cells and taken up into new
cells, they could have the potential to interact with the incoming viral
transcriptases to cause a similar disruption in viral replication as previously
observed. This could also explain how cells, which were not expressing NiV N
was resistant to viral replication.

Although the innate immune response likely did not play a role in the
inhibition of NiV replication, the inability of these remaining cells to support viral
replication could be explained by the ability of the NiV N proteins fo activate
some sort of specific cell-mediated resistance against NiV in neighbouring cells.
Similar to other paramyxoviruses N proteins, NiV N proteins were present within
the nucleus of cells (202). In order to gain access to the nucleus the NiV N

protein must have interacted with a specific carrier protein. Therefore, the
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interaction between NiV N proteins and carrier proteins may have had a
significant role in the disruption of viral replication. One approach for identifying
these interacting cellular partners could be elucidated by employing an
immunoprecipitation assay of NiV N proteins coupled with mass spectrometry
analysis. Currently, NiV N proteins have only been visualized within the nucleus
in a recombinant expression system, and should be confirmed by visualization of
NiV N proteins within the context of the virus. This may be difficult since it is
likely that the presence of the other viral components, such as the NiV P protein,
will prevent NiV N proteins from entering the nucleus because of its attempts to
maintain NiV N proteins in a soluble state for viral encapsidation in the
cytoplasm. Nevertheless, it is not impossible that NiV N proteins could localize to
the nucleus, since the N proteins of closely related viruses such as MeV have
been found in the nucleus in both viral and recombinant systems
(157;162;166;202). It has been speculated that nuclear localization of
morbillivirus N proteins correlated with viral persistence and pathogenesis
(157;162;166;202). However, their role in the nucleus has not been specifically
elucidated. Similarly, the presence of NiV N proteins within the nucleus could
have a role in NiV pathogenesis and/or persistence. On the other hand,
expression of NiV N proteins within the nucleus may have a beneficial role to the
host, such as stimulating various host responses, which may further aid in the
suppression of viral replication.

Overall, the interaction of NiV N proteins with cellular proteins and their

role in the nucleus could be a factor in the impairment of viral replication. Upon
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identification of the cellular transport partner(s), transgenic cell lines could be
established which are deficient in the expression of these specific proteins.
Further experiments could be conducted in order to determine a potential
mechanism for how NiV N proteins localize to the nucleus. For example, it could
be determined whether the presence of this cellular protein correlated with viral
persistence. Additionally, the life cycle of NiV could be compared between cells
expressing this cellular protein and cells deficient in this cellular protein to gain
insights on why the NiV N protein may be targeted to the nucleus. Finally, it
could be determined whether transient expression of NiV N proteins in these
cells would still have the same negative effect on viral replication as was seen in
the experiments in this thesis. These examples of experiments could be used to

elucidate the role of the NiV N protein within the nucleus.

4.4 Targets for the Creation of Antiviral Substances and Future Work

The results presented in this thesis showed how NiV N proteins and
smaller NiV N peptides were capable of interfering with viral replication. These
results pave the way for the future development of antiviral molecules designed
to disrupt the interactions between components of the polymerase complexes,
specifically the NiV N and NiV P proteins. Antiviral therapies for other negative-
stranded viruses have mainly focused on interfering with virus-mediated entry
and the roles of the surface glycoproteins. Studies on human parainfluenza virus
3 (HPIV3) and NDV have demonstrated that Zanamivir, a compound originally

developed as a neuraminidase inhibitor for influenza virus, has the ability to
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inhibit HPIV3 and NDV neuraminidase function, while receptor-mediated binding
was also inhibited for HPIV3 (148;149). Small molecule inhibitors have also
been shown to disrupt viral entry by inhibiting the function of the F protein for
MeV and respiratory syncytial virus (RSV) (96;146). Interfering with viral RNA
synthesis has been another targeted area for various antiviral systems. Studies
with rhabdoviruses have demonstrated that S-adenosylhomocysteine hydrolase
inhibitors can prevent the capping function needed to synthesize viral MRNA and
have suggested that these techniques could be applied to other members of the
order Mononegavirales (47;48). Other techniques utilizing RNA interference
methods have been able to significantly affect viral replication and reduced RSV
titres in cell culture, as well as a variety of animal models (37;38;111;199).
Currently, antiviral therapies targeted towards the viral polymerase of negative-
stranded RNA viruses have not been extensively studied. However, one new
trend in antiviral therapy design is towards the interference of protein-protein
interactions of multimeric polymerase complexes (70). Recently, a paper
focusing on the influenza A virus, a segmented negative-stranded RNA virus
belonging to the family Orthomyxoviridae, showed that a small peptide encoding
the polymerase acidic protein binding site found within the polymerase basic 1
protein was able to disrupt viral replication, possibly by interrupting the formation
of the polymerase complex (70). In a similar manner, this thesis has
demonstrated that the expression of a small peptide encoding the NiV P protein-
binding domain within the NiV N protein, a component of one of the polymerase

complexes, has the ability to disable the formation of a functional replicase
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polymerase complex. Therefore, in the same way, the NiV P protein-binding
domains found within the NiV N protein could also be further analyzed for its
antiviral potential and production of future therapeutics. These data using
influenza A correlated nicely with the results in this thesis. These two systems
have a similar mechanism of viral abrogation, which indicates that interfering with
protein-protein interactions of multimeric polymerase complexes may provide a
profitable approach to designing novel antiviral therapies. However, before
reaching the stage of creating synthetic molecules to interfere with viral
replication, a number of further experiments should be carried out.

Currently, it has not been directly shown whether the NiV N protein was
able to interact with the viral transcriptase to form a viral replicase. Observing
the interaction between the NiV N proteins or peptides and the transcriptase
complex is critical to confirming the proposed mechanism of inhibition of viral
replication.  Currently, there are no tools to detect the NiV L protein by
immunoblot. Therefore, cells transiently expressing NiV N-HA proteins could be
infected with NiV and an HA-based radio-immunoprecipitation assay employed in
order to detect the presence of NiV L proteins and the other components of the
replicase complex. Upon demonstrating the production of a transcriptase or
replicase, these complexes should be purified and assessed for their ability to
produce viral RNA. Secondly, providing structural information of the NiV N
protein through X-ray crystallography or NMR studies would provide important
evidence to understand the various structural domains that the NiV N protein

contains and provide deeper insights into how the NiV N protein interacts with
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other N proteins and with RNA. Furthermore, visualizing the interactions
between full-length NiV N protein or the smaller NiV N peptides and NiV P
proteins, using similar NMR or X-ray crystallography studies, would provide
insights into the interaction between the NiV N and NiV P proteins and whether
there are any specific structural domains responsible for these interactions.
Additionally, this information would also aid in the design of various synthetic
molecules, which would be capable of interfering with the interaction between
NiV N and NiV P proteins. Finally, applying the same experimental setup as
described within this thesis to other paramyxoviruses and negative-stranded
viruses would be a useful approach in determining whether viral replication can
be abrogated in a similar fashion.

The work presented in this thesis provides insights into NiV replication,
which specifically focused on the interactions between NiV N and NiV P proteins
and the various functions that the NiV N protein may have in viral replication.
These findings may also be applicable to the replication strategies of other
paramyxoviruses and negative-stranded RNA viruses. The significant decrease
in viral replication observed in these studies provides an intriguing starting point
for the development of antiviral therapeutics that target the interaction betweent

the N and P proteins.
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Appendix 1

6.0 Appendices

Buffer Recipes

Solutions for chemical treatment of E.coli Top 10 cells
Solution A
10mM MnCl,
50mM CaCl,
10mM MES pH 6.3
Adjust volume with sterile water, filter sterilize and store at 4°C.

Solution B
85ml of Solution A
15ml of glycerol
Filter sterilize and store at 4°C.

6x DNA Gel Loading buffer
30% Glycerol (dissolved in water)
0.25% Bromophenol Blue

SOC medium
20 g Bacto Tryptone
5 g Bacto Yeast Extract
2 ml 5M NaCl
2.5 ml M KCI
10 ml 1M MgClI2
10 ml 1M MgS0O4
20 ml 1M Glucose
900 ml water
Adjust to 1000 ml

LB Broth
10 g tryptone
5 g yeast extract
10 g NaCl
Adjust volume to 1000 ml

4X SDS Gel Loading Buffer
20 ml 1M Tris-HCL (pH 7.5)
40 ml 10% SDS
35 ml Glycerol
0.5g Bromophenol Blue
Adjust volume to 100 ml with Water
Before using add BME to a final concentration of 10% per sample
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SDS PAGE Gel Recipes (total volume =10mL)
7% (w/w) Resolving Gel

5.7 ml Sterile Water

1.7 ml 40% Acrylamide (w/w)*

2.5 ml 1.5M Tris-HCL pH 8.8

100 ul 10% SDS

50 pl 10% Ammonium Persulfate

10 yl TEMED

10% (w/w) Resolving Gel
4.9 ml Sterile Water
2.5 ml 40% Acrylamide (w/w)*
2.5 ml 1.5M Tris-HCL pH 8.8
100 ul 10% SDS
50 ul 10% Ammonium Persulfate
10 pl TEMED

12% (w/w) Resolving Gel
4.3 ml Sterile Water
3.0 ml 40% Acrylamide (w/w)*
2.5 ml 1.5M Tris-HCL pH 8.8
100 ul 10% SDS
50 ul 10% Ammonium Persulfate
10 yl TEMED

4% (w/w) Stacking Gel
6.4 ml Sterile Water
1.0 ml 40% Acrylamide (w/w)*
2.5 ml 0.5M Tris-HCL pH 6.8
100 pl 10% SDS
50 uyl 10% Ammonium Persulfate
10 yl TEMED

*37.5:1 (w/w)ratio of acrylamide to N,N’-methylene bis-acrylamide

Transfer Buffer
2.9 g Tris-Base
1.47 g Glycine
2mi10% SDS
100 ml Methanol
Adjust volume to 500 ml with Water
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Stripping buffer
125 ml 1M Tris-HCL (pH 6.7)
40 ml 10% SDS solution
Adjust volume to 200 ml
Before using add 0.7% BME

Cell fractionation Lysis Buffer
0.1 M HEPES
0.05 M Ammonium Chloride
7 mM Potassium Chloride
4.5 mM Magnesium Acetate
Dissolve in Water
0.25% NP-40
0.01% Aprotinin

NP-40 Lysis Buffer
50 mM Tris-HCL (pH 7.5)
150 mM NaCl
0.1% NP-40
Just before use for every 10 ml of buffer:
Add 1 ul Aprotinin
100 pl 100mM PMSF (dilute in isopropanol)

Immunoprecipitation Equilibration Buffer
20 mM Tris-HCL (pH 7.5)
100 mM NaCl
0.1 mM EDTA

5X Formaldehyde Gel Running Buffer
0.1 M MOPS (pH 7.0)
40 mM Sodium Acetate
5 mM EDTA (pH 8.0)
0.1% DEPC

Preparing RNA Samples for Electrophoresis
5 ug RNA (approximately 4 pl)
2 ul 5x Formaldehyde Gel Running Buffer
4 i Formaldehyde
10 pl Formamide
Heat samples at 65°C for 15 minutes
Add 2 pl of Formaldehyde Gel Loading Buffer
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1% Agarose-Formaldehyde Gel
For 50ml mini gel:
0.5 g Agarose
31 mil DEPC Treated Water
10 ml 5X Formaldehyde Gel Running Buffer
9 mi 37% Formaldehyde

Formaldehyde gel loading buffer
50% Glycerol (dissolved in water)
1 mM EDTA (pH 8.0)
0.25% Bromophenol Blue
0.1% DEPC

20X SSC buffer
175.3 g NaCl
88.2 g Sodium Citrate
800 ml Water
Adjust pH 1o 7.0
Adjust volume to 1000 ml
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Summary of primary and secondary antibodies

A'ntibo,dy ; Company | Source Method Dilution Uses
Primary Antibodies
Anti HA Sigma® rabbit Immunoblot 1:500 Sect|o7n 3.6,
Anti HA Sigma® mouse IFA 1:100 Section 3
Anti HA —
AlexaFluor® InvitrogenTM mouse IFA 1:100
488
.- guinea Immunoblot 1:1000 Section 3, 4,
Anti NiV In House big IFA 1:100 56,7
. Immunoblot 1:5000 Section 3, 5,
Anti NiV N In House mouse IFA 1200 6
Anti NIV N - In House mouse IFA 1:100 Section 3
FITC
lmrlrfl?no- 1:100
Anti NivV P In House mouse T 5 ug Section 3, 6
precipitation 11000
Immunoblot )
Anti GFP Santa Cruz | mouse Immunoblot 1:2500 Sect|o7n 3.8,
Anti G.FP FITC Santa Cruz | mouse IFA 1:100 Section 3
conjugated
Anti F‘.‘AG HRP Sigma® mouse Immunoblot 1:5000 Section 6
conjugated
Anti FLAG Sigma® mouse Immuno- 4.9ug Section 6
precipitation
: . . ® . IFA 1:100 .
Anti Lamin A Sigma rabbit immunoblot 1500 Section 3, 6
Anti Actin Sigma® | mouse | Immunoblot | 1:1000 SeCt‘°7“ 4.5,
AntiVSV G Sigma® Rabbit Immunoblot | 1:10 000 Section 5
Anti PARP R&D Goat IFA 1:100
laboratory
Phalloidin-
AlexaFluor® | Invitrogen™ IFA 1:40
568
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Secondary Antibodies

Anti rabbit HRP
conjugated

Sigma®

goat

Immunoblot

1:10 000

Section 3, 6

Anti mouse
HRP
conjugated

KPL®

goat

Immunoblot

1:10 000

Section 3, 5,
6,7

Anti guinea pig
HRP
conjugated

Sigma®

goat

Immunoblot

1:10 000

Section 3, 4,
56,7

Anti rabbit
Alexa Fluor®
568 conjugated

Invitrogen™

goat

IFA

1:100

Section 3

Anti mouse
Alexa Fluor®
488 conjugated

Invitrogen™

goat

IFA

1:100

Section 3

Anti Goat
AlexaFluor®
647

Invitrogen™

chicken

IFA

1:100
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Summary of primers:
Blue: Restriction enzymes incorporated into primers

Stop codons or Start codons incorporated into primers to create a fusion protein
Purple: Nucleotides incorporated into primers to create in frame fusion proteins

Pink: Ta

gs incorporated into primers

Primer

Name Use Primer Sequence (5’ to 3’) and Features Method Notes
Section 3.2.2
5 Real Time RT-
GAPDH ACCATCTTCCAGGAGCGAGA POR
3 Real Time RT-
GADPH TCATGGATGACCTTGGCCAG PCR
5' Ndiag ATCAATCGTGGTTATCTTGA Real gg‘Re RT-
3' Ndiag CAGCCGAGTTCTGCAACTTGATC Real FT,Q“; RT-
Section 3.2.4
c;avl 34 Clone NIV N ORE AATG%;/2;3CATGAGTGATATCTTTGAAGAG bCR
into pBK-CMV-
cri13 | JRESwithaC- [ATTGGATCC  AGCATAATC NTATGOY
rev terminal HA-tag BamHlI i PCR
CACATCAGCTCTGACGAAATCAAGG
Clone NiV N 1-
801 into pBK- | AATGGATCC  AGOATAA! AT .
CR16%- | CMV-IRES with a BamH r PCR Use with Tonward
agrev | -~ terminal HA- | GAATCCTGCCATACCAGTTTCC prime
tag
Clone NiV N 1-
1101 into pBK- | AATGGATCC ~ AGCATAA .
CRITO | CMV-IRES with a BamHI PCR Use with fonward
g C-terminal HA- | TGCTGATTTTTGGCCTAGTCTG primer
tag
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Clone NiV N 1-

1401 into pBK- | AATGGATCC .
CRITT" | CMV-IRES with a BamHi PCR Use with forward
agre C-terminal HA- | GGATGTGCTCACAGAACTGCTC P
tag
Clone NiV N 802-
1599 into pBK- .
CR172 - ATTGCTAGC TTCGCAACCATCAGATTCGGG Use with reverse
CMV-IRES with a PCR .
fwd . Nhet primer CR113
C-terminal HA-
tag
Clone NiV N 481-
CR173 | 1999INOPBK- 1} \rraoTAGC  CTGGTCTCTGCAGTTATCACC Use with reverse
CMV-IRES with a PCR .
fwd : Nhet primer CR113
C-terminal HA-
tag
Clone NiV N 163-
1599 into pBK- .
CR174 ! ATTGCTAGC GCACTTGATGTGATTAGATCTCCG Use with reverse
CMV-IRES with a PCR .
fwd . Nhet primer CR113
C-terminal HA-
tag
Clone NiV N 163-
1401 into pBK- AATGGATCC AGOATAATOTGES TATGGATA
CR186 | CMV-IRES with a BamHI PCR Use with CR174
C-terminal HA- | GGATGTGCTCACAGAACTGCTC
tag
CR110 ATTGCTAGCATGAGTGATATCTTTGAAG PCR
fwd Clone NiV N ORF Nhe1 Creates a fusion
CR111 into pECFP-N1 | AATGGTACCTGCACATCAGCTCTGACG PCR protein with CFP
rev Kon1
Clone NiV N 1- Use with CR144
CR176 162 into pECFP- AAT%GAL(/)CGCAAACAATGTTAGTTCCCATCTGAG PCR GO msortion reates a
rev N1 am fusion protein with CFP
Clone NiV N 163- Use with CR174
CR194 ; ATTGGATCCCGGGTGCTCATGTCTGTTATCC E WIt
fwd 480 into pECFP- BamH/ PCR GC insertion creates a

N1

fusion protein with CFP
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CR187 . ATTGCTAGCATGCTGGTCTCTGCAGTTATCAC GC insertion creates a
fwd C8|()0;’16 i\lIV l[:\lc‘:f; - Nhe1 PCR fusion protein with CFP
CR188 " ‘,’\jﬁ’ " [ ATTGGATCCGCGAATCCTGCCATACCAGTTIC BCR GC insertion creates a
rev BamH]! fusion protein with CFP
Clone NiV N 802- Use with CR172
CR178 1101 AATGGATCCGCTGCTGATTTTTGGCCTAGTCTG € Wit
rev 01 into BamH] PCR GC insertion creates a
pECFP-N1 fusion protein with CFP
CR1gg | Clone NIVN 802- |y p 16 GATCCGCGBATGTGCTCACAGAACTGC Use with CR172
rev 1401 into BamH/ PCR GC insertion creates a
pECFP-N1 fusion protein with CFP
Cfl?/;l CElSO Clone NiV N ATTG?\J/’/I;/;?CATGGGTGGGACCAGATTGACTAATTC PCR
CR181 140;8;?9,\;?0 AATGGATCCGCCACATCAGCTCTGACGAAATC PCR GG insertion creates
rev P i BamHi fusion protein with CFP
Clone NiV N
CR183 1102-1599 into ATTGCTAGCATGCGTCACCATGCTGGAGGAATIG .
fwd pECFP-N1 NheT PCR Use with CR181
Clone NiV N .
1102-1401 into PCR Usjn‘g'th%’;;%
pECFP-N1
Nseq1 CAGCCGAGCTTACGGCCTAC Sequencing
NseqiR GTAGGCCGTAAGCTCGGCTG Sequencing
Sequences NiV N
Nseq2 GATGAGTATTTCATCCCTTG Sequencing
NsequR CAAGGGATGAAATACTCATC Sequencing
RP0OO1 .
fwd Sequences in GATCTCGAGCTCAAGCTTCG Sequencing
RPOO4 PECFP-NT | GATCAGTTATCTAGATCCGG Sequencing
M13 fwd Sequences in CTGGCCGTCGTTTTAC Sequencing
pCR®-Blunt II-
M13 rev Topo® CAGGAAACAGCTATGA Sequencing
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Sequences in the

CMV fwd CGCAAATGGGCGGTAGGCGTG Sequencing
CMV promoter
Sequences in the .
LacZrev Lac Z gene CTGCAAGGCGATTAAGTTGG Sequencing
N 163-
1401 . CATAATCTGGAACATCATATGGATAGGATGTGCTCACAGAACTG Mutagenesis
mut2 Mgtagenesns
N 163 primers for N Inserts GGAT
1401 163-1401 CAGTTCTGTGAGCACATCCTATCCATATGATGTTCCAGATTATG Mutagenesis
mut2R
N1102-
1401 M . CAGTTCTGTGAGCACATCCCGGGATCCACCGGTCGCCACC Mutagenesis
mut] ptagene&s
N1105- primers for N Change G > C
1401 1102-1401 GGTGGCGACCGGTGGATCCCGEGGATGTGCTCACAGAACTG Mutagenesis
mut1R
‘ Section 3.2.7
CR0O10 GCTAGCTCATCCAATGGATAAATTGGAACT RT-PCR
fwd Clone NiVP ORF | Nhe 1 "
CRO11 into pBK-CMV | CTCGAGTITCAGTGATCAAATATTACCGTCA
rev Xho 1 RT-PCR
Cfl?/\;l (;30 Clone NiV P ORF ATTGI(\?/LA?CATGGATAAATTGGAACTAGTC PCR
into pBK-CMV N
CR191 with a C-terminal ATTCTCGAG CTTGTCG i( ; TGTAGTL
rev FLAG tag Xhot g PCR
AATATTACCGTCAATGATGTC
Pseqt Sequences NiV P | GCAGTACCGTTCACTCTGAG Sequencing
Pseg1R CTCAGAGTGAACGGTACTGC Sequencing
Pseq2 GCAAGGGAAAGATGCTCAGC Sequencing
Pseq2R GCTGAGCATCTTTCCCTTGC Sequencing
Pseqg3 GAGATCCCAAAGATCATCAA Sequencing
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Pseq3R TTGATGATCTTTGGGATCTC Sequencing
Pmut1 GATCAAACAAAAGCCTGGGAAGATTTTCTGC Mutagenesis
Changes A>T
PmutiR GCAGAAAATCTTCCCAGGCTTTTGTTIGATC Mutagenesis
PMU2 | \iutagenesis | COAACTATTGGAAAG/ GAGTGTCGAACACC Mutagenesis
; ; Changes T > A
Pmuter | Pimers for NIV P | o a1 6 TTCGACACTCTCTTTCCAATAGTTCE Mutagenesis
Pmut3 CCCATTAAAAAGGGCACAGACGCGAAATATCC Mutagenesis Delotos 2
Pmut3R GGATATTTCGCGTCTGTGCCCTTTITAATGGG Mutagenesis nucleotides
Pr’;bt‘\f Mutagenesis | CGACACTGATCGCTTGAATTATCACGCAGATCATTTAG Mutagenesis
PELAG primer% for NiV Changes C > T
s P-FLAG CTAAATGATCTGCGTGATAATTCAAGCGATCAGTGTCG Mutagenesis
Section 3.2.10
CTTAATCTAGAGATTGGGGCAGGGTGGAGAGGTGGGCTCTTCT
5IRES | IREStemplate | 'CCTT oo 1 NIA
CCCACTCATCTTATAGCTTTCTTTCCCC
ATCTGCTAGCCTGTGATATCCTTTCCTCCTTGGTTTGGATCTCGA
3IRES | IRES template ATTCGNhe ; N/A
GATCTGGGGAAAGAAAGCTATAAGAT
CTTAATCTAGAGATIGGGGC Xbai and Nhe 1
IRES fwd Clone IRES into Xba 1 PCR digestion produce
NiV N-CMV | ATCTGCTAGCCTGIGATATCC compatible
IRES rev Nhe 1 PCR cohesive ends
5 Real Time RT- ,
CASDH ACCATCTTCCAGGAGCGAGA PCR and PCR_| PORproductis used
g TCATGGATGACCTIGGCCAG Real Time RT-"| ™ \gitnern blots
GADPH PCR and PCR
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5N

TGAGAATCCTCAAAACTGCT

probe PCR PCR product is used
- to create probes for
3N ATGAACTTCCTTACTGATAG CR Nogorranes
probe
5r 'k\)A GTTCTCTCAACATCTTCAAC PCR PCR product is used
pa,oMe to create probes for
probe GACATCAAGAGTATTTCAAG PCR Northern blots
' Section 3.2.12
NiV G Reverse
fwd CTCTTGAAGAATAAGATTTG Transcription
. - Reverse
NiV L rev GGCTGATTGTGTCTCAATTG Transcription
NIV &L GAATGTTAAATTTAATAGTTC Real Time PCR
Ni\r’eS'L CAGTCTATGGTCAATTGAATG Real Time PCR
: Section 3.2.15
CR215 Clone NiV N- ATTACGCGTTAAGATACATTGATG PCR Creates a dual
fwd CMV into NiV P- Mlut promoter vector
CR216 CMV ATTACGCGTATGCATTAGTTATTAATAGTAATC PCR expressing NiV N
rev Miut and NiV P
k Section 3.2.17
N mut 4 GCCTCTTCAAAGATATCACTCTAGCTAGCTGATATCCTITTCCTC Mutagenesis Removes 1% start
N mut 4R Mutagenesis GAGGAAAGGATATCAGCTAGCTAGAGTGATATCTTTGAAGAGGC Mutagenesis codon
primers for A NiV
N mut 5 N ORF GAAAGCAGCTCCAACTTTCAGTGACTCGGCAGCACTCGGAG Mutagenesis Removes 2™ start
N mut 5R CTCCGAGTGCTGCCGAGTCACTGAAAGTTGGAGCTGCTTTC Mutagenesis codon
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2 Log DNA Ladder
New England BiolLabs® Inc.

Kilniases
— 1.0
— 8.1

— B.0

— 5.0

—4.0

— 3.0
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Magic Mark XP™ See Blue® Plus?2
Western Protein Standard Prestained Standard
Invitrogen™ Invitrogen™

188
98
62
49

38

28

:2§E - - 17
14

e
o
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