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ABSTRACT

The Influenza virus is a major human respiratory pathogen responsible for seasonal ‘flu’
outbreaks and sporadic global pandemics. The Influenza polymerase complex is
necessary for viral RNA synthesis and full virulence and requires the assembly of three
conserved subunits: PA, PB1 and PB2. A recombinant chimeric protein mimetic
consisting of the N-terminus (20 amino acids) of PB1 fused to Maltose Binding Protein
(MBP) and Tat Nuclear Localization Signal (NLS) was designed and purified with the
aim of inhibiting the assembly of the polymerase by mimicking PB1. The cell-penetrating
protein mimetic was shown to efficiently enter the cell nucleus and prevent assembly of
the Influenza polymerase, thus inhibiting viral replication. When MDCK cells were
incubated with the mimetic and subsequently challenged with Influenza A virus, viral
replication decreased up to 98% at 50 pM. Using a nuclear extraction assay, the
mimetic was shown to efficiently penetrate the plasma membrane and enter the host
nucleus. GST pull-down assays showed that the mimetic interacts with PA. Molecular
modeling was then employed to predict the improved hypothetical free energy of binding
between PB1 and PA and determined two significant substitutions for PB1 threonine at
position six: glutamic acid (T6E) and arginine (T6R). These mutations increased
potency of the mimetic at 25 pM (71% for T6E and 77% for T6R compared to 36% for
the native construct) and 12.5 pM (27% for T6E and 70% for T6R compared to 16% for
the native construct), suggesting a more stable interaction with PA consistent with
molecular modeling. Using various in vitro assays, the mimetic was shown to be non-

toxic to host cells. Targeting critical protein-protein interactions using a peptide fused to



a cell-penetrating carrier protein presents a novel and intriguing approach in designing

anti-viral therapeutics.
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CHAPTER ONE



INTRODUCTION

1.1 Overview of Influenza

The Influenza virus is a major human respiratory pathogen, with infection
characterized by the sudden onset of high fever, malaise, muscle soreness, rhinorrhea
and headache (Monto et al 2000). A member of the Orthomyxoviridae family (which
include Thogoto, Lake Chad and infectious salmon anemia viruses), it is a negative-
sense, single-stranded RNA virus encapsulated in a lipid envelop (Cheng et al 2012;
Presti et al 2009). There are three genera of the Influenza virus based on the antigenic
differences of their Matrix and Nucleoproteins, all of which infect humans: Influenza A,
Influenza B and Influenza C. Although Influenza B and C have been isolated from seals
and swine (respectively), there is generally no established animal reservoir for these
viruses to cause global epidemics (Osterhaus et al 2000; Zambon 2009). Influenza A
has been isolated from several other animals, including aquatic birds (its natural
reservoir), horses and canines, and is generally associated with more severe disease in
humans. Due to its propensity to infect a wide variety of avian and mammalian species
as well as its easy transmission to the upper human respiratory tract via aerosols,
Influenza A is the causative agent of seasonal flu outbreaks, which according to the
World Health Organization, is responsible for tens of millions of cases of severe
respiratory illness and 250,000-500,000 deaths worldwide every year (Cheng et al
2012; Zambon 2009). Two major surface proteins, Hemagglutinin and Neuraminidase,
are further used to classify Influenza A strains (H#N#) according to their antigenic

properties. There are currently 16 H and 9 N known Influenza subtypes worldwide



(Cheng et al 2012; Fouchier et al 2005). Additionally, Influenza A is responsible for
abrupt and sporadic pandemics, as with the 1918 pandemic that caused 40 million
deaths worldwide, and the most recent 2009 pandemic with confirmed cases in more

than 200 countries (Cheng et al 2012; Das et al 2010).

1.2 Influenza History

The term ‘influenza’ is of Italian origins meaning influence of the stars, as it was
believed that diseases manifesting as coughs and fever were influenced by the stars
and heavenly bodies (Fleming et al 2003). Descriptions of Influenza-like illness began in
the 16" century, although epidemics of disease similar to Influenza have been recorded
as far back as 500 BC (Shahab et al 1994). Prior to the late 19" century microbiology
era, little was known about the causes of infectious disease such as colds, measles and
smallpox. It was not until 1892 that Richard Pfeiffer reported the discovery of a new
bacterium, Bacillus influenza (currently known as Haemophilus influenzae), as the
causative agent of pandemic influenza (Taubenberger et al 2007). While the scientific
world generally accepted the bacterium as the etiological agent of influenza, Olitsky and
Gates provided strong evidence against it in 1922, as they showed that the infective
agent survived passage through filters that excluded B. influenza (Oltisky and Gates
1922). Influenza A was first isolated from diseased chicken in 1901; however it was not
recognized as the Influenza virus until 1955 (Shahab et al 1994). In 1933, Smith et al
extracted the Influenza A virus from a human patient and established it as the causative

agent of influenza (Smith et al 1933).



Figure 1.1 The Influenza Avirion (adapted from Subbaraoand Joseph 2007)
The Influenza Aviral particle is shown. The virus contains aneightsegmented negative sense RNA genome
encoding 11-12 proteins (depending on the reading frame) encapsulatedin a lipid envelope.

1.3 Taxonomy and Nomenclature

Common to all members of the single-stranded RNA Orthomyxoviridae family,
the Influenza virus has a lipid-containing envelope (Fig 1.1) and a genome that is
divided into eight gene segments that encode 11-12 proteins depending on the reading
frame (Das et al 2010, Chen et al 2001). The influenza genus is further divided into
types A, B, and C depending on the antigenicity of their Matrix and Nucleocapsid
proteins, which is determined by complement fixation assays (Henle et al 1958).
Influenza A, which is associated with more severe disease and pandemics in humans,
is further subtyped by two surface proteins, Hemagglutinin (H) and Neuraminidase (N),
which facilitate the binding and release of viral particles, respectively. There are

currently 16 H and 9 N genes, making all of the Influenza A strains by various



combinations of H and N (Cheng et al 2012; Fouchier et al 2005). The Influenza
nomenclature is determined by the type (A, B, C), place of isolation, strain number, year
of isolation and subtype (H#N#) in sequential order. Using one of the recent 2009
pandemic ‘swine flu" viruses as an example, the nomenclature is
A/California/04/2009(H1N1) (Cheng et al 2012). All of the 16 H and 9 N subtypes are
found in aquatic birds (Influenza A’s natural reservoir), while only the H1, H2 or H3 and
N1 or N2 subtypes are routinely found in humans with influenza (Alexander 2007). Due
to its segmented genome, two different subtypes of Influenza A can infect the same cell,
leading to the genetic reassortment of Hemagglutinin and Neuraminidase genes (see
Section 1.6). A pandemic can occur if the new virus has preserved replicative and
transmissibility efficacy between humans while presenting new H and N antigens in

which the population lacks effective neutralizing antibodies (Cheng et al 2012).

A phylogenetic analysis of the A/2009/H1N1 strain revealed that the virus could
be traced to avian, human and swine origins (Smith et al 2009). This is quite different
from the previous two pandemic Influenza A viruses, where H1 shifted to H2 in 1957,
and H2 to H3 in 1963, but both sources of antigenic shift came strictly from avian
species (Kawaoka et al 1989). The A/2009/H1N1 strain contained a triple reassortment
of Hemagglutinin and Neuraminidase genes from avian, swine and human sources prior
to becoming endemic in swine herds, making it more distinct and genetically divergent
than the seasonal circulating human H1IN1 strains (Cheng et al 2012; Shinde et al

2009).



1.4 Clinical Manifestations and Epidemioloqy

Influenza is spread from person to person primarily by large droplet aerosol
transmission from coughs, sneezes, and even regular speech (Lidwell 1974). This
generally requires close contact since the droplets travel a short distance (less than a
meter) in air, although contact with contaminated surfaces is another mechanism of
transmission (Brankston et al 2007). The virus infects the columnar epithelia of both the
upper and lower respiratory tracts and has an average incubation time of 2 days (with a
range of 1-4 days) in adults. Although influenza infections are usually symptomatic (see
below) especially in young children and the immunocompromised, approximately 50%
of total human Influenza infections may be asymptomatic (Bridges et al 2003).
Nevertheless, an asymptomatic infected person may still shed the virus and therefore

still be contagious even before symptoms appear.

The clinical symptoms of seasonal influenza include fever, cough, sore throat,
rhinorrhea, headache, fatigue, malaise, nausea or vomiting, diarrhea and myalgia. In
addition to these symptoms, Influenza infections can lead to more severe and life
threatening complications such as viral pneumonia, bronchitis, ear infections and
bacterial secondary pneumonia (from pathogens such as Streptococcus pneumoniae,
Haemophilus influenzae, and Staphylococcus aureus) with acute respiratory disease

syndrome (ARDS), requiring increased intensive care (Cheng et al 2012).

The infectious prevalence of seasonal influenza (colloquially known as the flu

season) typically begins in the late autumn and lasts until mid spring. In the Northern



hemisphere, this corresponds to late November to March; in the Southern hemisphere,
this corresponds to April through September (Cox and Subbarao 2000). Because the
primary mechanism of transmission is through aerosol droplets, the crowding of
individuals during winter months has been suggested as a key contributing factor to the
spread of the influenza virus during ‘flu' season (Lagacé-Wiens et al 2010).
Epidemiological evidence suggests that transmission is strongly associated with the
rainy season, although animal model studies suggest that transmission is increased in a
dry environment, albeit through an unknown mechanism (Monto 2008). The intensity of
seasonal influenza in individual communities varies from year to year and depends on
the size of the susceptible population. Previous exposure to influenza and vaccination
can dramatically reduce the host susceptibility size due to the presence of neutralizing

antibodies to the virus (Lagacé-Wiens et al 2010; LaForce et al 1994).

Four major Influenza pandemics have occurred in the past century, each
containing its own unique epidemiological pattern and origin: the 1918 H1N1 ‘Spanish
flu’, 1957 H2N2 ‘Asian flu’, 1968 H3N2 ‘Hong Kong flu’ and the 2009 H1N1 ‘swine flu'.
Despite its name, the geographic origins of the 1918 Influenza virus remain unclear,
although it is believed that it may have initiated in China or military camps in the United
States after the First World War (Cox and Subbarao 2000; Taubenberger 2006). The
pandemic was characterized by three epidemiological waves: the first had a very low
incidence of clinical disease and a relatively limited spread. The second wave was the
global outbreak and peaked in October 1918, while a smaller third wave followed in

February 1919. A hallmark of the 1918 pandemic was the high rate of morbidity and



mortality, especially in otherwise healthy young adults in addition to young children and
the immunocompromised (Frost 2006). Genetic reconstruction of the 1918 virus showed
that it was more virulent by coding for more effective anti-inflammatory proteins and
possessing a higher propensity to cause viral pneumonia, although controversy remains
whether the virus itself was the major cause of mortality (Lagacé-Wiens et al 2010;

Pappas et al 2008; Taubenberger 2006).

The 1957 H2N2 *‘Asian flu’ pandemic was somewhat better characterized than
the 1918 pandemic due to better intercontinental communications between countries
and the ability for independent laboratories to isolate the virus in cell culture (Lagaceé-
Wiens et al 2010). The virus originated in Guizhou, China in February 1957 and spread
globally by November of the same year. The 1957 virus primarily infected young
children, the elderly and the immunocompromised similar to seasonal Influenza;
however this virus was unique in that the Hemagglutinin and Neuraminidase antigens
(H2N2) were different than the major circulating strains, which were descendents of the
1918 H1N1 strain (Lagacé-Wiens et al 2010). Genetic evidence suggests that the virus
was the result of a single reassortment event between avian H2N2 and human H1N1

(Cox and Subbarao 2000).

Perhaps the most docile of the influenza pandemics, the 1968 H3N2 ‘Hong Kong’
virus was first described in Hong Kong in July of 1968 and spread relatively slowly to
the rest of the world, reaching North America in late 1968 and Europe one year later

(Lagacé-Wiens et al 2010). The pandemic had the lowest mortality of the Influenza



pandemics, possibly because of the acquired partial immunity against the N2 antigen
from the 1957 virus. It is believed that the H3N2 virus occurred from a single
reassortment event between an H3-containing avian Influenza strain and the human

H2N2 virus (Cox and Subbarao 2005).

The most recent 2009 H1N1 ‘swine flu’ pandemic was first described in Mexico in
April 2009, and reached nearly every country by July of the same year (Dawood et al
2009; Lopez et al 2009). Interestingly, despite its ubiquitous spread and high incidence
of disease (leading to a high number of hospitalizations), mortality rates from this
pandemic were much lower than past influenza pandemics and seasonal influenza
mortality rates (Lagacé-Wiens et al 2010). The 2009 virus was unique not only in its
spread but also its genetics: it was a triple reassortment of avian, swine and human
viruses. Because the avian and human components were already present in separate
ancestor swine viruses, the pandemic 2009 strain likely originated in pigs and emerged
as a result of genetic reassortment of swine adapted viruses containing these

components (Smith et al 2009).

1.5 Influenza Viral Life Cycle

Common to all members of the Orthomyxoviridae family, the Influenza genome is
divided into eight single stranded negative sense gene segments, which encode 11-12
proteins depending on the reading frame (Das et al 2010; Chen et al 2001). Each single
stranded RNA segment is associated with the trimeric polymerase (consisting of the

PB1, PB2 and PA subunits) as well as Nucleoproteins (NP) to form viral



Ribonucleoproteins (VRNP) inside the virion. The structural protein M1 surrounds the
VRNP core, forming a critical interaction that affects the replication efficiency of the virus

(Liu et al 2002).

PB1

ssRNA

Assembly/

Rel
budding clease

Binding

NS1/NS2

Figure 1.2 The Influenza A virus Life Cycle

The entire Influenza A life cycle from viral entry to progeny release is shown (see text for full details) (A) The
Influenza life cycle begins when mature HA on the outside of the viral envelope binds to sialic acid on the cell
surface (B) The drop in pH in the endosome causes a conformational change in HA that fuses the viral and host
membranes. This also leads to the influx of protons through the M2 ion channel which ultimately leads to the
disassembly of the lipid envelope. (C) vRNPs containing viral RNA are escorted into the nucleus where the
Influenza polymerase transcribes the segmented viral genome through a cap-snatching mechanism (D)
Transcripts of the surface exposed proteins (HA, NA, M2) are translated in the ER, targeted to the Golgi apparatus
where they are glycosylated and brought fo the lipid rafts on the surface of the host cell (E) NS1 inhibits the post
transcriptional modffication of several host pre-mRNAs | ensuring that host machinery remains dedicated to
translating viral transcripts (F) The Influenza polymerase is also responsible for replicating viral RNA in a two-step
process to create vVRNA for viral progeny (G) The cycle ends when the replicated VRNPs bind to M1 (which binds
to the NES-containing NS2), get exported out of the nucleus and are packaged with the surface exposed proteins
atthe hostmembrane. Viralprogeny are releasedwhen NAcleaves sialic acid. Figure taken from Das etal 2010.

10



Two major viral surface proteins, Hemagglutinin (HA) and Neuraminidase (NA) are
involved in cell entry and viral progeny release, respectively. The viral life cycle begins
when HA binds to the sialic acid receptors present on the surface of the host cell
membrane (Fig 1.2A). Human viruses preferentially bind to N-acetylneuraminic
containing a-2,6 linkages to galactose that are abundantly present in the upper
respiratory tract, whereas avian viruses preferentially bind to sialic acid containing a-2,3
linkages (von ltzsen 2007; Glaser et al 2005; Shinya et al 2006). The specificity lies
within the structural topology of the glycans: because of the unique shape of a-2,6
glycans, HA undergoes an umbrella-like formation when binding to it, while it undergoes
a cone-like formation when binding to a-2,3 glycans due their smaller space-filling
structure (Chandrasekaran et al 2008; Wilks et al 2012). Prior to this occurring, the
precursor Hemagglutinin protein (HAO) must undergo proteolytic cleavage of its
conserved Q/E-X-R motif into two functional disulfide-linked subunits: HA1 and HA2
(Chen et al 1998). The HAL subunit has an active role in the biochemical binding of
sialic acid, while the HA2 subunit is involved in membrane fusion (Chen et al 2012).
Conserved amino acids Tyr 98, Ser 136, His 183, and Glu 190 of HA1 all form hydrogen
bonds with hydrophilic carboxylate and hydroxyl groups of sialic acid (Skehel and Wiley

2000).

Once bound to the host cell receptors, the virus is internalized into the cytoplasm
through clathrin-mediated endocytosis (Fig 1.2B), although the virus may also be
internalized in clathrin-deficient cells through macropinocytosis (Edinger et al 2014).

Although poorly understood, the clathrin-dependent process was recently shown to be
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regulated by Ras-phosphoinositide 3-kinase (PI3K) signaling and intracellular Ca?*
levels (Fujioka et al 2011, Fujioka et al 2013). Acidification of the endosome triggers the
irreversible conformational change of Hemagglutinin, causing HA1l to separate from
HA2 (Das et al 2010). The N-terminal fusion peptide of HA2 (containing two conserved
ionizable residues, aspartate and histidine) attaches to the endosomal membrane and
promotes its fusion with the viral envelope (Harrison 2008). The pH drop subsequently
activates M2, an ion-gated channel protein on the viral membrane necessary for the
unpacking of viral particles inside the cell. M2 is a homotetrameric single-pass
membrane protein containing a His 37 residue that acts as a pH sensor and detects the
acidic environment of the endosome, and a Trp 41 residue that acts as an ion gate.
Interaction of His 37 with the Asp 44 residue keeps the gate locked at high pH. At low
pH, protonation of the His 37 residue destabilizes the interaction with Asp 44 and the
transmembrane helix, thereby allowing an influx of protons into the virus (Schenll and
Chou 2008). The influx of protons leads to the uncoating of the viral lipid envelope, as
well as the release of viral ribonucleoprotein particles (Helenius 1992). Once the M1
structural protein dissociates from the vVRNP, the RNA gene segments are escorted into
the host nucleus due to their association with NP, which contain an NLS (Cheng et al

2012; Das et al 2010).

Inside the host nucleus, negative-sense viral RNA (imported by NP containing a
NLS) is replicated and transcribed to positive-sense mRNA by the Influenza polymerase
(Fig 1.2C). The polymerase is a heterotrimer consisting of the basic subunits PB1 and

PB2, and the acidic subunit PA (Cheng et al 2012). Viral transcription is initiated when
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the PB2 subunit binds the 10-15 nucleotide cap (m’GTP) of host precursor messenger
RNA (pre-mRNA) in the nucleus. The cap is then cleaved off by the PA subunit and
used to prime transcription of viral RNA to messenger RNA. This mechanism is termed
‘cap-snatching’ and has been observed in other RNA viruses (Fujimura and Esteban
2011; Dias et al 2009). Viral mRNA is then exported out of the nucleus and into the host

cytoplasm, where it is translated to produce viral proteins.

The surface exposed proteins HA, NA and M2 are processed in the endoplasmic
reticulum and then glycosylated in the Golgi apparatus (Fig 1.2D) before being
transported to the cell membrane (Das et al 2010). The nonstructural NS1 protein of
Influenza A is a primarily nucleus-localized effector responsible for binding the 30 kDa
subunit of Cleavage and Polyadenylation Specificity Factor (CPSF), an essential
component of the 3' end processing machinery of cellular pre-mRNAs (Fig 1.2E). This
interaction plays a critical role in preventing the poly(A) 3’-end processing of host pre-
MRNA, thereby preventing the ultimate translation of host mRNA (Gack et al 2009;
Nemeroff et al 1998). Since viral mMRNA does not require 3’ processing, this ensures
that the host cellular machinery remains primarily dedicated to the translation of viral
MRNA and not host mRNA (Zambon 2001). NS1 also antagonizes the host innate
immune response by specifically binding to and inhibiting TRIM25, an ubiquitin ligase
necessary for the activation of RIG-I, a protein that recognizes viral RNA and initiates an

anti-viral signaling cascade (Hale et al 2008).
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In the nucleus, the polymerase is also responsible for the replication of viral RNA
(Fig 1.2F), which occurs in two steps: a full length copy of the viral RNA is first made
(termed complementary RNA, or cRNA), and then copied to create more VRNA
(Nemeroff et al 1998). Although the mechanism is poorly understood, it is well
established that viral RNA replication (unlike transcription) does not require a primer,
but does require the Nucleoprotein (NP), which likely binds to the polymerase, resulting
in its modification and propensity to initiate replication (Cheng et al 2010; Newcomb et

al 2009).

After efficient replication and transcription of the viral genome, newly packaged
VRNPs associate with M1, which in turns binds to the C-terminal domain of NS2. The
VRNP-M1-NS2 complex is thought to be escorted out of the nucleus due to the
presence of a leucine-rich nuclear export signal (NES) in NS2 (Shimizu et al 2011).
However, NS2 is also involved in the regulation of viral transcription and replication in
the absence of M1, implying that NS2 may also interact with vRNP (Robb et al 2009).
The final stage of the viral life cycle involves the association of the vVRNP and M1 with
the HA and NA proteins clustered within lipid rafts on the cell membrane to form
progeny virions (Takeda et al 2003). NA is a tetrameric sialidase and cleaves N-
acetylneuraminic acid (the predominant sialic acid found in mammals), therefore
allowing release of viral progeny and the start of a new infection cycle (Fig 1.2G) (Air

2012; von ltzstein 2007).
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The functional NA sialidase is a homotetramer, and individual monomers do not
have enzymatic activity (Buchner and Kilbourne 1972; Paterson and Lamb 1990). The
monomers each contain 470 amino acids and are arranged in four domains: a globular
‘head’ domain that carries the enzymatic active site, followed by a thin stalk of variable
length, a hydrophobic membrane-anchoring transmembrane domain and a cytoplasmic
N-terminus (Air 2012). The globular head domain is characterized by a hexameric
bladed propeller structure, with each blade composed of four antiparallel beta sheets
connected to variable loops by disulfide bonds (Bossart-Whitaker et al 1993; Tulip et al
1991). The biochemically active site of the globular head is a conserved and rigid
domain consisting of eleven amino acids that interact with the ligand (sialic acid) and
another six amino acids that form a secondary shell that hold the eleven amino acids in
place (Burmeister et al 1992). NA groups fall into two distinct categories: Group 1 (N1,
N4, N5 and N8) and Group 2 (N2, N3, N6, N7 and N9). Group 1 Neuraminidases
contain an additional cavity in the active site (which is not present in Group 2) created
by the movement of an exposed NGTVKDR loop that has been proposed as a possible
drug target (Li et al 2010; Thompson et al 1994).

Following the globular head domain is a thin stalk domain of variable length and
unknown structure. The stalks are usually around 50 amino acids in length, however
deletions of up to 18 amino acids have been observed in some N1 and N2 strains (Blok
and Air 1982; Els et al 1985). Interestingly, despite the presence of Cys-containing sites
of predicted glycosylation, no post-translational modification of NA has been observed.
The transmembrane domain follows the stalk, and contains 7-29 hydrophobic amino

acids with alpha helical secondary structure (Air 2012). The cytoplasmic N-terminal
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domain is a short conserved polypeptide (MNPNQK) of unknown function, although
viruses with mutations in this tail display reduced budding and abnormal morphology

phenotypes (Barman et al 2004, Jin et al 1997).

1.6 Antigenic Drift and Shift

One of the evolutionary strategies employed by the Influenza virus is its
propensity to mutate and change, thus evading the host immune system and allowing
the virus to propagate in nature. There are two main mechanisms by which it achieves
this: antigenic drift and antigenic shift (Cheng et al 2012). Antigenic drift is the gradual
evolutionary change of surface and effector proteins, due to the high rate of mutations in
Influenza, which is estimated to be one mutation per genome per life cycle (Carrat and
Flauhault 2007). This is a fairly high rate of mutation, considering that the Influenza
genome is only approximately 14,000 bases (Drake 1993). The change involves point
mutations, usually within the antibody-binding site of surface-exposed proteins (M2, HA,
NA) consequently leading to the inability of host antibodies to neutralize the virus and
thus allowing it to propagate more rapidly in the population (Webby and Webster 2001).
Interestingly, the rate of antigenic drift appears to vary from strain to strain, with rates
being the highest for the H3 strains (Fitch et al 1997; Lindstrom et al 1999). Because
the rate of drift occurs more rapidly in H3 strains, new variants tend to replace old ones,
and the H3 evolution appears to be more linear than other Hemagglutinin types
(Treanor 2004). Additionally, there appears to be a bias towards certain regions of H3
HA gene, since as many as 35% of all known mutations in H3 occur in 18 of the 329

codons this gene (Carrat and Flauhault 2007).
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Antigenic shift is only observed in Influenza A, and occurs when two different
virus strains infect the same cell, leading to reassortment of different Hemagglutinin
(and less frequently Neuraminidase) subtypes in a virus. This can result in a new
Influenza A strain that has never circulated in the population before and has been the
cause of previous Influenza pandemics (Cox and Subbarao 2000). Major antigenic
shifts are estimated to occur every 10 to 50 years (or three times every century), which
correspond to the three pandemics experienced in the 20" century (1918, 1957, 1968)
(Potter 2001). Once a shifted virus enters the population, it still remains susceptible to
antigenic drift as with any other Influenza virus: all current circulating Influenza viruses
are antigenic drift variants of previous Influenza pandemic viruses (Carrat and Flauhault

2007).

1.7 Influenza Therapies: Vaccines and Antivirals

The main strategy in preventing and controlling Influenza disease for the past 60
years has been vaccination (Osterholm et al 2012). Two types of Influenza vaccines are
primarily used in North America: trivalent inactivated Influenza vaccine (TIV) and live
attenuated Influenza vaccine (LAIV). Each vaccine contains the three dominant
Influenza subtypes currently circulating in the population (two of which are usually
A/H1IN1 and A/H3N2) which are propagated in chicken eggs; however TIV strains are
inactivated and therefore cannot cause disease. LAIV contain live (attenuated) Influenza
viruses and therefore may cause mild symptoms as stated in Section 1.4. TIV is an

intramuscular injection vaccine and can be administered to any individual over 6 months
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old while LAIV is an intranasal spray that can only be administered to nonpregnant
individuals 2-49 years old (Fiore et al 2010). Despite the best available medical
treatments, the greatest setback of the 2009 pandemic was the lack of effective vaccine
until late 2009, contributing to the increased hospitalization rates (Cheng et al 2012). A
2011 study estimated that pandemic H1N1 vaccine effectiveness (the risk of laboratory-
confirmed infection between vaccinated and non-vaccinated individuals) in Europe was
approximately 70% (Hardelid et al 2011). Had an earlier vaccine been available during
the pandemic, hospitalization rates might have decreased significantly not only because
of Influenza-immune individuals in the population, but also because the vaccine benefits
would have been extended to non-protected individuals through herd immunity (Kim et
al 2011). While vaccinations continue to be a seemingly viable option against seasonal
Influenza infections, they only protect against less than 7% of the population, mainly
because they are not available in countries that do not have the capacity to produce the
vaccine domestically or do not have cost-effective purchase agreements in place (Stohr

et al 2006).

Antivirals are important Influenza therapies, especially during the initial outbreak
of a pandemic where an effective vaccine is not yet available (Hayden and Pavia 2006).
The two most routinely used classes of drugs with anti-Influenza activity are the M2 ion
channel inhibitor adamantanes such as amantadine and rimantadine, and the
Neuraminidase inhibitors (NAIs) such as oseltamivir and zanamivir (Hurt 2014).
However, due to antigenic drift, antiviral resistance has become a persistent problem in

combating Influenza disease. Since 2007, all circulating Influenza strains have
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developed adamantane resistance due to a S13N mutation on the M2 protein (Hay et al
1988). Interestingly, resistance to adamantanes appears to be non-specific, possibly
due to the similar binding mechanisms among these classes of drugs (Cheng et al
2012). NAls are sialic acid analogues that function by blocking the enzymatic activity of
NA, therefore preventing viral progeny release. Because the NA active site is critical for
viral replication, it was hypothesized that any mutation conferring resistance to NAls
would also compromise viral fitness (Hurt 2014). Nevertheless, an oseltamivir resistant
H275Y mutation on NA that also retains viral fithess has been observed in
approximately 2% of Influenza strains tested (Cheng et al 2012). Unlike adamantane
resistance however, this mutation only confers resistance to oseltamivir and not other
NAls such as zanamivir, due to the difference in NA binding mechanisms between the
two drugs: the binding of oseltamivir to the active site of NA requires a conformational
change, while this is not required for zanamivir (Moscona 2009). The efficacy and safety
of newer antivirals such as the NP inhibitor nucleozin and the polymerase inhibitors
such as viramidine and T-705 still need to be investigated before they are used as

viable therapeutics (Amorim et al 2013; Cheng et al 2012; Sidwell et al 2005).

1.8 Influenza Polymerase: a possible drug target

The heterotrimeric 250 kDa RNA-dependent RNA polymerase (also referred to
as the replicase) is absolutely necessary for full virulence (Resa-Infante et al 2011; Guu
et al 2008; Tsai et al 2006). The PB1 domain is the catalytic component responsible for
transcribing and replicating viral RNA, while PB2 and PA are involved in cap-snatching.

Since the N-terminus of PB1 interacts with the C-terminus of PA, the C-terminus
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interacts with the N-terminus of PB2, and the middle domain is the catalytic polymerase
domain, PB1 is considered the core of the viral replicase (Tsai et al 2006; Gonzalez et

al 1996; Toyoda et al 1996).
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Figure 1.3 Topology ofthe PA;s; 74; and PB1, ,; interaction (He et al 2008)
The complex formed betweenthe C-terminus of PA (PB1-interacting helical domain in blue, strands in yellow, and

extended loopsinred) and the N-terminus of PB1 (purple)is shown through a topelegical diagram. Figure taken
fromHeetal (2008),

The biochemical interactions between the polymerase components have been
well studied in the literature. The published crystal structure of PB1;.,5 in complex with
PA2s7.716 Shows that PB1 interacts in a conserved cleft of the C-terminus of PA with an
array of hydrogen bonds and hydrophobic interactions that resemble the “jaws of a
dragon’s head” (Fig 1.3) (Boivin et al 2010; He et al 2008). Residues 1-3 of PB1
(aspartic acid, valine and asparagine, respectively) form anti-parallel beta-sheet like
interactions with lle 621 to Glu 623 of PA. Asn412, lle 621, Pro 620 and GIn670 of PA

all form hydrogen bonds with the carbonyl oxygen atoms of Asp 2, Val 3, Phe 9, Leu10
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and Val 12 of PB1, respectively. Hydrophobic interactions also contribute greatly to the
PB1-PA binding complex, as Pro 5 of PB1 packs between Phe 411 and Trp 706 of PA,

while Leu 8 interacts with Met595, Trp 619, Val 636 and Leu 640 (Obayashi et al 2008).

The N-terminus of PB2 (amino acids 1-37) was also crystallized in complex with
the C-terminus of PB1 (amino acids 678-757), providing even greater insight into the
structural biochemistry of the polymerase complex. The PB1-PB2 interaction is
supported by four main salt bridges: Glu 2 and Lys 698, Arg 3 and Asp 725, Arg 3 and
Lys 698, and Glu 6 and Lys 698. Additional hydrogen bonding between main chain
atoms and buried hydrophobic interactions further contribute to the interaction
(Sugiyama et al 2009). Interestingly, although PB2 and PA do not directly interact
together, a 2013 study has shown that co-incorporation of PB2 and PA from the same
Influenza strain into progeny viruses might be a requirement for genetic reassortment

(Hara et al 2013).

The polymerase has no proofreading ability, resulting in approximately one
mutation per genome per replication cycle, which is fairly substantial considering that
the Influenza genome is only 14,000 bases (Drake 1993). Comparatively, H. sapiens
have an estimated mutation rate of only one mutation every 2.5x10® bases, and the
four orders of magnitude higher rate of mutation in Influenza due to the low fidelity of the

polymerase contributes greatly to antigenic drift (Nachman and Crowell 2000).
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The polymerase is an intriguing target for drug discovery. Despite antigenic drift,
there is a lower probability of obtaining a mutation in any of the polymerase subunits
since the virus expresses their mRNA levels at a much lower amount compared to other
viral transcripts. Furthermore, a mutation in PB1, PB2 or PA might compromise viral
fitness, since a functioning polymerase is absolutely necessary for full virulence (Cheng
et al 2012). Of the three current anti-virals targeting polymerase function, ribavirin
(nucleoside inhibitor) is not considered a drug of choice because of its toxicity and lack
of community benefit, and viramidine (another nucleoside inhibitor) and favipiravir
(nucleotide analogue) are both in clinical trials and not yet FDA or Health Canada

approved (Cheng et al 2012; Kiso et al 2010; Sidwell et al 2005).

1.9 Peptide Mimetics

Peptide mimetics are small (generally 1-40 amino acids in length) dominant
negatives that contain the binding domain of a certain protein, but lack a catalytic or
effector domain (Mason 2010). The peptide binds to a protein of interest, but because it
lacks a catalytic domain it does not contribute in downstream signaling. Therefore,
peptide mimetics essentially mimic the protein of interest’'s binding partner and can be
employed to inhibit signal pathways and other molecular processes. The use of peptide
mimetics to target specific proteins and disrupt critical protein-protein interactions has
been previously used in vitro to reasonable success in bacterial and viral pathogenesis.
For instance, the Mahony laboratory has used a peptide mimetic targeting the
Chlamydia pneumonia Type lll Secretion (T3SS) tethering protein CdsL by mimicking

the T3SS ATPase to inhibit growth and replication of the bacteria (Stone et al 2011).
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Similarly, a peptide mimetic targeting the HIV-1 glycoprotein gp120 by mimicking the
host cell receptors CCR5 and CD4 was shown to inhibit HIV-1 entry into GHOST cells

expressing the CCR5 and CD4 receptors (Kwong et al 2011).

Unlike small molecules that bind to a specific amino acid or site on a protein,
mimetics can have several interacting amino acids, thereby making abrogation by a
single amino acid mutation unlikely. Nevertheless, peptide mimetics are not without their
limitations: their large >900 Dalton size does not allow them to passively cross the
plasma membrane, therefore requiring modification to obtain cellular entry if the target is
not surface exposed. Furthermore, peptides and proteins are prone to proteolytic
degradation, making their bioavailability an issue (Mason 2010). Nevertheless, peptide
mimetic therapy is an intriguing and innovative strategy in combating bacterial

pathogens, especially Influenza that mutates quite rapidly.

1.10 Thesis Objectives: Targeting the Polymerase with PB1 mimetics

In 2007, Ghanem et al employed peptide mimetics in vitro by transfecting
HEK293T cells with plasmids expressing the N-terminus (first 25 amino acids) of the
PB1 protein, and showing a decrease in viral titer after infection with the 1933 Influenza
strain compared to cells transfected with an empty plasmid (Ghanem et al 2007). The
purpose of this thesis is to extend the above research in a more clinically relevant
setting by designing a stable and effective chimeric cell-penetrating peptide containing
the N-terminus of PB1 that would bind to the C-terminus of PA and prevent assembly of

the Influenza A polymerase, therefore inhibiting replication. We chose the N-terminus of
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PB1 as a mimetic since the PB1-PA interaction is absolutely necessary for the viral
polymerase to assemble and the first 50 amino acids of this protein are very well
conserved among different Influenza A strains (Fig 1.4), making this therapeutic
applicable to all Influenza A strains. In this thesis, a small 20 amino acid PB1 peptide
mimetic (PB1.20) was designed using overlapping PCR and attached to the HIV-1 Tat
Nuclear Localization Signal (NLS) and affinity tagged E. coli Maltose Binding Protein
(HisMBP) to create a chimeric HiSMBP-NLS-PB1;.5o protein. We show that this mimetic
inhibits Influenza A replication and growth in vitro, and that the protein is also non-toxic

in vitro.
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Figure 1.4 ClustalWalignmentof PB1, 5, of differentInfluenza A strains display sequence similarity

The first 50 amino acids of PB1 from 12 different Influenza A strains were aligned using the ClustalW algorithm.
Sequences display 100% identity (as shown by dots) with the exception of the conserved A/Ontario/1968/H8N4
L8| mutation, which still retains the same charge and similarity. The first four strains from the top are the most
recentInfluenza Apandemicsin reverse chronological order (swine, Hong Kong, Asia, Spanish).

We then employed in silico ZMM molecular modeling to analyze the binding
domains of the PB1-PA interaction in order to determine the hypothetical free energy of

binding between different amino acids at different N-terminal PB1 positions. We
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identified two significant substitutions for threonine at position 6 as having a much lower
free energy of binding (see Supplementary Figure S1): T6R and T6E. Using an in vitro
inhibition assay and gPCR, both mutations were shown to increase the potency of the
HisMBP-NLS-PB1;.,0 mimetic. The mutant mimetics were also shown to be non-toxic in

vitro.

The mechanism of inhibition was also investigated: we hypothesized that the mimetic
would enter the cells and be targeted to the nucleus via the NLS, and bind to the C-
terminus of PA, thereby preventing the polymerase from assembling and inhibiting
Influenza replication. Using a cell uptake assay, NLS-tagged proteins were shown to
enter the cell cytoplasm within an hour of incubation. By biochemically extracting cell
nuclei, NLS-tagged proteins were also shown to be targeted to the nucleus. A GST pull
down was used to show that the HisMBP-NLS-PB1;.,0 mimetic interacts with the C-

terminus of PA.

Previous unpublished work in the Mahony laboratory suggested that a peptide mimetic
containing just the first seven amino acids of the PB1 N-terminus attached to a nuclear
localization signal (NLS-PB1;.7) was sufficient to inhibit Influenza A replication and
growth at a working concentration of at least 200 uM (see Supplementary Figure S2).
This experiment was repeated to see if the 7-mer attached to maltose binding protein
(HisMBP-NLS-PB1;.7) could also inhibit Influenza A at a similar concentration to the 20-

mer mimetic.
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MATERIALS AND METHODS

2.1 Genetic cloning and construct design for the Gateway® system

Chimeric amplicons of the HIV-1 Tat NLS (YGRKKRRQRRR) and first 20 amino
acids of the PB1 polymerase subunit (PB11.,0) were amplified using overlapping PCR
primers (listed in the Appendix) as previously described (Heckman and Pease, 2007).
The amplicons contained attB recombination overhang sites at each end and were
cloned into the Invitrogen Gateway® Cloning System. Purified PCR products were
incubated with the Gateway® pDONR201 entry vector and Gateway® BP Clonase
enzyme mix in TE Buffer (10 mM Tris-HCI| pH 8.0, 1 mM EDTA) for 1 hour at room
temperature to generate pENT vectors (BP Reaction). The reactions were stopped by
incubating with 0.2 ug/mL Proteinase K for 10 minutes at 37°C. The pENT vectors were
transformed into Escherichia. coli Turbo (New England Biolabs, Ipswich MA) chemically
competent cells by 42°C heat shock and subsequently plasmid purified and used in a
Gateway® LR reaction with the pDEST-HisMBP (N-terminal HisMBP fusion tag) or
pDEST15 (N-terminal GST fusion tag) vectors and Gateway® LR Clonase enzyme mix

to generate the desired expression plasmids.

The C-terminus of pandemic 2009 HIN1 Influenza A PA gene (PAzs7.716) Was
PCR amplified from the pCAGGS-ACal04PA vector (graciously donated to us by Dr.
Toru Takimoto) with primers containing the 5’ attB Gateway® recombination sites. The
gene was ultimately cloned into the desired expression plasmid. All constructs were

sequenced in the pENT vectors by the MOBIX facility.
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2.2.1 E. coli chemical competent cell preparation

E. coli BL21 (DE3), Rosetta (DE3) (Life Technologies, Burlington ON) or Turbo
were cultivated in aerobic conditions at 37°C in LB broth (1% w/v bacto-tryptone, 0.5%
w/v bacto-yeast extract, 1% w/v NaCl) shaking at 250 RPM overnight. Cells were
inoculated in a 1:50 ratio into new LB