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Abstract

Pathogen host interactions: proteomics of Influenza NEP during
infection reveals an antagonistic role in the formation of tight

junctions

Garrett Robert Poshusta

Chair of the Supervisory Committee:
Affiliate Professor John Aitchison

Department of Biochemistry

Host-pathogen interaction networks are key to understanding the molecular mechanisms
driving disease and can provide new targets for therapeutic intervention. We discovered new
host factors interacting with the influenza nuclear export protein (NEP) using an engineered
influenza virus expressing NEP with an N-terminal 3xFLAG tag. We collected
immunopurification mass spectrometry data for 3xFLAG-NEP during an active infection and
during plasmid expression in HEK293T cells. Network analysis of these complementary datasets
revealed an enrichment of tight junction proteins in the NEP interactome. Expression of NEP in
MDCK cells results in inhibition of tight junction formation as measured by transepithelial
electrical resistance and inulin diffusion across the polarized cell monolayer. These findings

reveal a new role for NEP as a tight junction antagonist.
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Chapter 1: Introduction

1.1 Influenza Virus

1.1.1 Overview

Influenza, the study subject of this thesis, is a member of the orthomyxovirus family of
viruses that includes at present, 6 genera: influenzaviruses A, B, and C, Thogotovirus, Isavirus
(Palese and Shaw 2007), and the recently proposed Quarjavirus (Presti et al. 2009). The newest
member of the family, Wellfleet Bay virus, was characterized this year and is most closely
related to the Cygnet River virus of the Quarjavirus genera (Allison et al. 2015). Orthomyxovirus
genomes are composed of negative-sense single stranded RNA segments. Influenza A has 8
segments encoding 10 proteins with some strains expressing combinations of 7 additional
accessory proteins (Palese and Shaw 2007; Vasin et al. 2014). The virus has many subtypes that
are identified by the combination of the two viral glycoproteins studding the viral envelope,
hemagglutinin (HA) and neuraminidase (NA) (eg. HIN1) (Figure 1). Currently, 16 different HA
and 9 different NA variants have been reported in wild aquatic birds which are the virus’ natural
host and serve as a reservoir of viral genetic diversity (Alexander 2007). The recent discovery of
2 new HA and NA subtypes from highly diverged strains of influenza in bats has added an
interesting new chapter to the influenza story (Tong et al. 2012; Tong et al. 2013). Phylogenetic
analyses suggest that bats have also served as a longstanding and perhaps important host for
influenza and calls into question previous dogma regarding wild birds as the main reservoir
host. Current evidence, however, points to a low probably for zoonosis as bat strains have not
been shown to productively infect human cells (Juozapaitis et al. 2014).

In order to replicate, influenza must carry out a diverse array of tasks with limited
genomic coding capacity. Entry into the host cell, evasion of host antiviral responses, replication

and transcription of the viral genome, nucleo-cytoplasmic trafficking of viral components, and



assembly and budding of new viral particles must all be accomplished in some cases with only
10 proteins (Figure 2). This necessitates extensive interaction with host components and also

means that individual viral proteins must participate in multiple processes.
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Figure 1. Schematic diagram of an influenza virion and genomic segments

In (A) the viral surface proteins hemagglutinin (HA), neuraminidase (NA), and matrix
protein 2 (M2) and are shown on the surface of the virion in blue, red and purple
respectively. The -ssRNA genomic segments shown in (B) exist as members of a
ribonucleoprotein complex (VRNP) in the virion (green helical structures). The picture was
adapted from the Centers for Disease Control.

The epidemiology of influenza is complex as the virus infects numerous animal species
around the globe including agriculturally important fowl and livestock. These domesticated
animals can serve as an intermediary mixing vessel since they often interface directly or
indirectly (eg. use the same water source) with wild birds (Alexander, 2007; Webster et al.
1992). In a process called reassortment, shuffling of whole gene segments from two different

strains during co-infection can lead to the emergence of new, immunologically novel strains



that move rapidly through human populations (Desselberger et al. 1978; Nelson et al. 2008;
Smith et al. 2009; Vijaykrishna et al. 2010). As a result, strains currently circulating in humans
are able to access the deep genetic diversity present in the avian reservoir much to our
detriment. Indeed the most deadly disease outbreak in the history of mankind, the Spanish
influenza of 1918, is attributed to an influenza virus resulting from reassortment between an
avian strain and a strain already circulating in humans (Johnson and Mueller 2002; Worobey,

Han, and Rambaut 2014).
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Figure 2. Schematic diagram of the influenza life cycle

Entry into the host cell is initiated by interaction of HA with sialic acids on the cell surface.
Following internalization, acidification of the endosome leads to fusion of the viral and host
lipid membranes and release of the vRNPs into the cytosol. The vRNPs are actively
transported into the nucleus where transcription and replication of the viral genome are
carried out by the viral polymerase complex proteins (PA, PB1, PB2). NS1 antagonizes host
defenses. PB1-F2 localizes to mitochondria and activates apoptosis. NP is the scaffold
protein for vVRNPs. M1 and NEP form an export complex with vRNPs and host factors for
egress from the nucleus. NEP also regulates the polymerase complex. Figure adapted from
Neumann et al. 2009.



Antigenic shift, where an immunologically novel HA is introduced into a human
influenza strain by reassortment, is also responsible for two other pandemics in the 20"
century (Nguyen-Van-Tam 2003). Once a strain with a new HA becomes wide-spread, it may
evolve into a seasonal influenza strain as happened after the H3N2 “Hong Kong Flu” pandemic
of 1968-69. Seasonal influenza strains undergo antigenic drift due to immunoselective pressure
on HA which is the major target of the antibody response. Since influenza is constantly evolving
to evade the immune response, the vaccine must be reformulated on an annual basis to protect
against the drifted strains (Gatherer 2009). Despite the availability of a vaccine, seasonal
influenza is a major global health burden infecting up to 10% of adults and resulting in about

500,000 deaths annually (Stohr 2002).
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Figure 3. The ecological cycle of influenza A viruses

The natural hosts of influenza A viruses are wild aquatic birds and infection is typically
asymptomatic or results in mild disease. The virus infects domesticated poultry when they
share space with wild birds and adaption to this new host can lead to high virulence. Pigs
can also be infected with several influenza strains. These intermediary hosts serve as
mixing vessels by facilitating reassortment between human and avian viruses. At this time,
the ecology of the bat influenza viruses is unclear. Figure was adapted from Shi et al. 2014.



1.1.2 Avian Influenza

Some of the important outstanding questions for influenza researchers relate directly to
the ongoing process of viral evolution in different hosts that can lead to highly variable
outcomes upon infection (Alexander, 2007; Caron et al. 2009; de Wit et al. 2010; Ducatez,
Webster, and Webby, 2008; Ito, 2000; Webster et al. 1992; Webster et al. 2007). Since wild
birds are the viruses’ natural host and the presumed origin for all currently circulating strains, |
will briefly discuss avian influenza in context of recent zoonosis with high pathogenicity. The
emergence of highly pathogenic influenza (HPAI) in the 1990’s upended the traditional model
of unidirectional flow of viral strains from wild birds into other species. In wild birds, influenza is
a gastrointestinal virus spread through feces and infection typically results in very mild or
asymptomatic disease, a situation proposed to be the result of long-coevolution (Webster et al.
1992). The sustained circulation of HPAI strains in wild bird populations and the ensuing die-offs
resulting from outbreaks, have introduced new elements into our understanding of the ecology
of influenza. Phylogenetic analyses suggest that HPAI strains (currently comprising H5, H7 and
to a lesser extent H9 strains) arise from low pathogenicity (LPAI) precursors during adaptation
to new hosts such as poultry(Alexander 2007; Banks et al. 2001) and that these HPAI strains can
infect and circulate in wild birds causing significant morbidity (Ellis et al. 2004; J. Liu et al. 2005;
Sturm-Ramirez et al. 2004). HPAI strains have also spilled-over into humans with deadly
consequences. H5N1 influenza happens to be highly pathogenic in both birds and humans with
the first reported zoonosis in 2003. Since then (through April 2015), the World Health
Organization (WHO) reports a total of 840 cases of H5N1 with an overall case fatality ratio (CFR)
of 53%. However, it is important to note that the designation of an influenza strain as “highly
pathogenic” refers only to disease in birds, particularly poultry (Alexander 2007; Caron et al.
2009) and human infection with LPAI strains can also result in a high CFR. The first human
infections with LPAI H7N9 were documented in 2013 (Gao et al. 2013) and the CFR thus far is
slightly lower than H5N1’s at 37% (212 deaths from 579 documented infections (WHO)). Since
infected poultry are often asymptomatic, outbreaks of H7N9 are more difficult to track than
those of H5N1 which result in rapid death (Uyeki and Cox 2013). It remains an open question

whether either of these strains will gain the ability to sustainably transmit between human



hosts resulting in a pandemic or if the next pandemic strain will be completely novel. So far
human infection with HPAI or LPAIl is closely associated with exposure to infected poultry and
while cases of human-to-human transmission have been documented, they remain an
exception rather than a rule. Other than creating a universal influenza vaccine, the greatest
challenge in the field remains predicting the virulence and transmissibility of novel strains
based on genetic sequence, and H5N1 and H7N9 top the WHOQ's threat list for pandemic
potential (Pena et al. 2013). New strains of influenza will continue to emerge and early
information about their potential virulence is key to implementing appropriate response
measures.

Considerable effort has been directed toward understanding the molecular
determinants underlying the viral properties of influenza. Host tropism, transmissibility, and
pathogenicity are all important characteristics that are incompletely understood and are the
result of interactions between multiple viral and host factors (Shi et al. 2014). These
interactions have been studied using high throughput technologies leading to a more
comprehensive understanding of the components utilized by influenza and how these
components affect viral properties (Brass et al. 2009; Hao et al. 2008; Karlas et al. 2010; Konig
et al. 2010; Shapira et al. 2009; Sui et al. 2009; Watanabe et al. 2014). However, poor overlap
between screens suggests that no single study is comprehensive and that many interactions are
missed due to the limitations inherent to any single experiment (T. Watanabe, Watanabe, and

Kawaoka 2010).

1.13 Influenza Nuclear Export Protein

Influenza segment 8 encodes two proteins, non-structural proteins 1 and 2 (NS1/2). NS2
is the alternatively spliced product and is also referred to as the nuclear export protein (NEP)
due to its role in the egress of influenza ribonucleoparticles (vVRNP) from the nucleus. The vRNP
consists of multiple copies of nucleoprotein (NP), a scaffolding protein that coordinates the
genomic RNA into an elongated helical particle, a single negative-sense ssRNA, and the
polymerase proteins (polymerase basic 1 and 2, and polymerase acidic (PB1, PB2, and PA))

(Palese and Shaw 2007). NEP is a small protein containing 121 amino acids and is able to



passively diffuse through the nuclear pore (Gao et al. 2014). The N-terminus is proteolytically
sensitive while the C-terminal residues 59-116 have been crystallized and form a stable helical
hairpin (Akarsu et al. 2003). Figure 4 shows a schematic representation of NEP and the location
of functionally significant epitopes. O’Neill et al. (1998) first ascribed the nuclear export
function to NEP based on observations that it interacted with nucleoporins in a Y2H assay and
that NEP fusions could facilitate the export of heterologous proteins. They also identified the
first of two consensus nuclear export signals. The precise composition of the export complex is
still under investigation but it has been established that NEP is essential for this process and
interacts with both the host export factor CRM1, (Huang et al. 2012; Neumann, Hughes, and
Kawaoka, 2000) and components of the VRNP (matrix protein 1 (M1) (Akarsu et al. 2003; Bui et
al. 2000; Shimizu et al. 2010), and polymerase basic protein 2 (PB2) (Manz et al. 2012) in a
bridging fashion. NEP has also been shown to regulate the activity of the viral polymerase
complex (Bullido, Gomez-Puertas, and Saiz 2001; Méanz et al. 2012; Reuther et al. 2014; Robb et
al. 2009). Influenza must produce three different RNA species during infection: viral mMRNAs
(vmRNAs), a complementary RNA intermediate (cRNA), and genomic replication products
(VRNA). In vitro assays indicate that in the presence of NEP, the abundance of the viral RNA
species produced by the polymerase complex more closely match those found during infection
(less vmRNA, and more vVRNA) (Robb et al. 2009). Recent work indicates that the
aforementioned interactions and functions are interrelated. Chua et al. propose that NEP
functions as a molecular timer whereby gradual accumulation of NEP leads the polymerase
complex to produce more vRNA in preparation for vRNP formation and export late in the
infectious cycle (Chua et al. 2013). Brunotte et al. (2014) demonstrated that NEP stabilizes the
interaction of M1 with VRNP using the same epitope (C-terminal 3 residues) associated with
polymerase-stimulatory activity and proposed a refined model of the VRNP export complex

shown in Figure 5.
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Figure 4. Schematic diagram of influenza NEP
The N-terminal domain is flexible and subject to proteolysis. It contains a triple serine

motif (S23-25) that is phosphorylated between two NES signals (12-ILMRMSKMQL-21, and
31-MITQFESLKL-40). A crystal structure of the C-terminal domain shows a helical hairpin.
The C-terminal domain contains interaction sites for M1 and PB2. A key residue for
interaction with M1, W78, is highlighted in green.

These studies are important because targeting host factors such as CRM1 is a promising
antiviral strategy (Perwitasari et al. 2014). Additionally, NEP plays a role in the adaptation of
avian influenza strains to mammalian hosts. One widely observed mutation in human isolates of
avian influenza is PB2-E627K (Hatta et al. 2001; Song et al. 2009; Song et al. 2014; Steel et al.
2009) which results in more favorable enzyme kinetics at lower temperatures of the respiratory
tract (Aggarwal et al. 2011; Massin, van der Werf, and Naffakh, 2001). However some isolates
from fatal human infections including KAN-1 (A/Thailand/1(KAN-1)/2004), retain the avian
glutamate residue and are still highly pathogenic in mammals. Manz et al. (2012) showed that a
single change (M16l) in the KAN-1 NEP could rescue polymerase activity in mammalian cells.

Follow-on work identified increased conformational flexibility at lower temperatures for NEP-



M16l as the reason for the enhancement of polymerase activity (Reuther et al. 2014). The duck
body temperature is approximately 41°C. In contrast, the human upper trachea averages 32°C
while the subsegmental bronchi average 36°C (McFadden et al. 1985). So not only does the
virus have to adapt to interact with mammalian proteins, it must also adapt to a new thermal
environment. It remains an outstanding question whether the sequence/function relationships
described above are the result of direct interactions between the viral proteins or are

influenced by the recruitment of host factors.
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Figure 5. Graphic model of the influenza vRNP export complex

NEP links the vRNP to the host export factor CRM1. The N-terminus of NEP (outlined in
green circles) interacts with CRM1 through two nuclear export signals (NESs). The C-
terminal helical hairpin (highlighted in blue) stabilizes the interaction of M1 with the vRNP
and binds to the polymerase complex subunit PB2. Figure adapted from Brunotte et al.
2014.

Host interaction partners of NEP have been discovered using yeast two-hybrid (Y2H) and
immunopurification mass spectrometry (IP-MS) approaches (Table 1). NEP has been shown to
interact with Nup98 but the role this plays in the viral lifecycle has not been identified. Gorai et

al. (2014) used FLAG-tagged NEP to identify new host interactors of NEP including ATP5B. This



interaction in turn has implicated NEP in the process of viral budding which represents a new
role for NEP during infection. A recent Y2H study found an AIMP2-NEP interaction that
promotes SUMOylation of M1 (Gao et al. 2015). This modification on K242 of M1 stimulates
nuclear export of the vVRNP complex (Wu, Jeng, and Lai 2011). Knowing the interaction partners
of NEP has contributed to our understanding of how influenza is replicating in host cells and we
wanted to expand the catalogue of NEP interactors using sensitive quantitative proteomics
approaches. With only one exception NEP interactors have been identified sans infection. We
developed a system for introducing tags on the NEP N-terminus that are genetically encoded in
an engineered influenza strain. This allows high throughput interaction discovery techniques
like IP-MS to be applied during the course of an active infection and is presently the only

methodology that uses NEP exclusively as bait in this context.

Table 1. Previously discovered host proteins interacting with NEP

HostID Method Localization Viral Process Reference

CRM1 Y2H Nucleus Nuclear export (ONeill et al. 1998)

ATP5B IP-MS Plasma Budding (Gorai et al. 2012)
membrane

Nup98 Y2H Nucleolus Unknown (Chen et al. 2010)

AIMP2 Y2H Cytosol Sumoylation (Gao et al. 2015)

Abbreviations in the “Method” column: yeast two-hybrid (Y2H) and immunopurification
mass spectrometry (IP-MS).
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1.2 Systems Biology

Living organisms exist as a result of the emergent properties of complex systems of
interactions at many different scales—atoms on up to cells and organisms. Systems biology
embraces this theme and seeks to understand, predict, and control biological phenomena
through an iterative process of experimentation, data integration, modeling, and hypothesis
generation. As a formal field of study, systems biology is relatively new but mathematical
modeling of biological processes has been explored for over a century starting with the
guantitative modeling of enzyme kinetics in the early 1900’s. One of the first mathematical
models describing a physiological process (action potentials in axons) was presented by Alan
Lloyd Hodgkin and Andrew Fielding Huxley in 1952 (Hodgkin and Huxley 1952), and systems
biology was highlighted as a distinct field by Mihajlo D. Mesarovic¢ at the 3" Systems
Symposium in 1966. However, systems biology remained a minor field until new technologies
enabled the collection and processing of larger, more comprehensive datasets around the turn
of the century. Systems approaches have yielded valuable knowledge in diverse areas including
developmental biology (Peter and Davidson 2011), structural biology (Alber et al. 2007), cell
biology (Saleem et al. 2008), immune function (Gilchrist et al. 2006) and host-pathogen
interactions (Carpp et al. 2014). Key features of these studies are the collection of quantitative
high throughput datasets, integration of multiple data types, and visual and mathematical
representations to guide experimentation (Figure 6). The end goal is a predictive model that

facilitates rational control of the structure or process.
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Figure 6. The systems biology cycle

Biological inquiry drives the development of new technologies which in turn enable
quantitative measurement of phenotypes under many conditions. Models representing
these large scale datasets lead to new hypotheses and then experimental validation.
Subsequent iterations of the cycle are informed by the previous results. The goal is a
predictive model that facilitates control of the process under investigation.

Integration of multiple
datatypes and
mathematical modeling
lead to testable
predictions

12



In the present work we applied the principles of systems biology to study influenza. Our
approach was driven by the desire to comprehensively catalogue which host proteins physically
interact with influenza proteins. This knowledge is an essential starting point for systems
studies the results of which can lead to new therapeutic strategies and also new insights into
cell biology.

Our strategy for identifying new host factors interacting with NEP employs a high
throughput, quantitative, mass spectrometry-based discovery technology—I-DIRT. Isotopic
differentiation of interactors as random or targeted (I-DIRT) was developed in yeast and
requires labeling cellular proteins with isotopically heavy amino acids in vivo. It also relies on
the expression of a tagged version of the target protein and so we engineered the influenza
virus to express a tag on the NEP during infection. We used the recombinant virus in IP-MS
experiments to identify host proteins interacting with NEP. We produced a network model of
these data which showed an enrichment of tight junction proteins. NEP had not previously
been reported to associate with tight junction proteins nor had it been shown to affect tight
junction functioning. We subsequently tested whether the presence of NEP had an effect on
tight junctions and found that expression of NEP led to impaired functioning. Thus, this work
represents one full turn of the cyclical process represented in Figure 6 and demonstrates the

utility of the systems biology approach.
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1.3 Methodologies for Studying Host Pathogen Interactions

The ability to visualize and subsequently identify proteins is essential to studying
interactions between hosts and pathogens and is a key starting point for systems biology
investigations. Scientists have been developing technologies to separate, visualize and identify
proteins for over a century. Very early studies used colorimetric reactions to quantify the
presence of different amino acids in protein preparations (Folin and Ciocalteau 1927,
McChesney and Swann 1937). In the 1930’s Arne Tiselius developed electrophoresis, the
separation of charged components with an electric field, for the study of biomolecules (Tiselius
1930). For his work Tiselius was awarded a Nobel Prize in 1948, and the modern
implementation of the technique, polyacrylamide gel electrophoresis (PAGE), is fundamental
for studying proteins still today. Around this same time antibody technologies, including
labeling and immunopurification, were being developed. Labeling antibodies with colorimetric
and then fluorescent compounds provided a way to mark antigenic proteins in tissues (Coons et
al. 1942). This work culminated in 1950 with the publication of work by Coons and Kaplan
(1950) that established the foundation of immunofluorescence, another essential technique
widely used to visualize the localization and co-localization of specific proteins. With these
technologies in hand, scientists could now begin to look at the proteins of pathogens.

At first these techniques were exploited for the characterization of whole bacteria and
viruses (Evans and Kingsbury, 1969; Harris and Kline, 1956). Differential protein bands were
detected in gels comparing strains of bacteria and were proposed as means of taxonomic
classification (Cann and Willox 1965; Fowler et al. 1963; Lund 1965; Smithies 1955). Similarly,
fluorescent antibodies directed against viruses or bacteria were used as a means of detection
allowing for both clinical diagnostics (Biegeleisen et al. 1966; Thomason, Cherry, and Edwards
1959), and localization studies of pathogens and their components in cells and tissues (Nayak et
al. 1964). The ability to study proteins and their interactions took a great step forward with the
development of the western blot by Harry Towbin (Towbin, Staehelin, and Gordon 1979). This
allowed scientists to readily detect very small amounts of individual proteins present in

complex mixtures such as cell lysates and immunopurifications. Western blots were employed
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broadly to immunogenically profile pathogens (Biggar et al. 1985; Gulig and Hansen 1985; van
Wyke et al. 1984) and were also used to study the interactions between proteins (Akerstrom et
al. 1985; Lane et al. 1985). These techniques—immunopurification, immunofluorescence, gel
electrophoresis, and western blotting—are still foundational for studying proteins and their
interactions, but their scalabilities are limited and new technologies were needed to expand the

throughput of interaction studies.

Phage display and the yeast two-hybrid (Y2H) system were developed in the 1980’s to
systematically interrogate thousands of possible interactions with any given target
protein/peptide. Phage display technology was first detailed by George Smith in 1985, and has
the important characteristic of evolvability (Smith and Petrenko 1997). When a library of
peptide sequences is expressed as a fusion with the phage coat protein, the heterogeneous
phage population can be screened for interaction with a target. Phages displaying peptides that
interact with the target can then re-infect bacteria to create many clones which are again
subjected to selection. The breakthrough represented by this technology is the physical linkage
of phenotype and genotype thus enabling identification of a single high affinity interaction from
billions possible in the library. Phage display has been used extensively to discover medically
useful interactions especially through the display of antibody variable regions. In one example,
Kashyap et al. (2008) prepared a library of single-chain variable fragments (scFVs) and fragment
antigen-binding (Fabs) sequences from survivors of an H5N1 influenza outbreak and screened
the displayed antibody regions against H5N1 virions. They were able to identify over 100
monoclonal antibodies (mAbs) binding to the influenza surface protein hemagglutinin, three of
which were cross neutralizing with other influenza strains. Such cross neutralizing antibodies
are key to broadly protective vaccines that generate immunity against multiple viral strains.
Phage display has also been used to study host-pathogen interactions. Lauterbach et al. (2003)
identified Plasmodium falciparum proteins interacting with human erythrocyte spectrin and
protein 4.1 using a P. falciparum cDNA bacteriophage library. Random hexamer phage libraries
have also been used to identify interaction sites between pathogens and host proteins
(Chaemchuen et al. 2011). While phage display is a powerful technology, notable limitations

include size constraints for displayed sequences, issues with expression of certain proteins
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especially in the case of genome-wide cDNA libraries and the in vitro binding conditions for
selection which may not accurately reflect the in vivo environment necessary for some

interactions.

Like phage display, the yeast two-hybrid technique was developed as a way to detect
and study protein-protein interactions and it also offered a way to systematically interrogate
thousands of possible interactions with any given target protein/peptide. The system was first
described by Stanley Fields and Ok-kyu Song in 1989 and is founded on the separable nature of
the functions of a transcription factor—DNA binding and transcriptional activation (Fields and
Song 1989). Fields and Song based their assay on the GAL4 protein, a yeast regulatory factor
essential for growth on galactose. It has both DNA-binding and activating domains that, only
when co-localized, lead to transcription of downstream genes. Co-expression of the
independent GAL4 domains themselves is not sufficient to induce transcription. By fusing a
known target protein to one domain and a query protein to the other domain, transcription
occurs only if the two proteins interact to bring the GAL4 domains into close proximity. The
transcription product generally encodes a reporter protein or selectable marker so that yeast
expressing the two interacting proteins can be readily identified. In this manner whole cDNA
libraries can be screened for interaction with target proteins. Though the technique has been
widely adopted, it is characterized by high false positive rates, perhaps even greater than 50%
(Goldberg and Roth 2003). Protein-protein interactions are concentration dependent and
expression levels of the GAL4 domain fusions may be higher (or lower) than those for the native
proteins. These artificial conditions can enhance spurious interactions between proteins that
would otherwise be spatially segregated in vivo. False negatives may occur if the fusion does
not behave or fold properly or does not localize to the nucleus. These drawbacks
notwithstanding, Y2H is a powerful tool for discovering new interactions and researchers have
applied it to study both intra-pathogen interactions (LaCount et al. 2005; Rain et al. 2001; Uetz
et al. 2006) and also interactions with the host (Chen et al. 2010; de Chassey et al. 2013; Elton
et al. 2001; Huang et al. 2009; Khadka et al. 2011; Lee et al. 2010; X. Liu et al. 2009; Mitzner et
al. 2009; Reinhardt and Wolff, 2000; Shapira et al. 2009). Since viruses have relatively small

genomes, they interact extensively with cellular machinery making them attractive targets for
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Y2H host-pathogen studies. Additionally, entire proteomes for some viruses can be screened
since they only encode tens of proteins, as has been done for vaccina virus, hepatitis C virus,
dengue virus, Epstien-Barr virus and influenza (de Chassey et al. 2008; Le Breton et al. 2011;

Shapira et al. 2009; Zhang et al. 2009).

Immuno or affinity purification with shotgun mass spectrometry (IP/AP-MS) is a more
recently developed technology for discovering new protein-protein interactions. Conceptually
the technique is straight forward. An antibody or other capture agent coupled to a solid support
is used to pull out a known protein (a “bait”) from a complex mixture (typically a cell lysate).
The lysate is washed away from the solid support leaving the target bait bound to the antibody
as well as any other interacting proteins (“prey”). The proteins are eluted from the antibody
and identified by mass spectrometry. An example workflow is shown in Figure 7. A key
advantage of this technique over phage display and Y2H is that native interactions, including
whole complexes established in vivo, can be preserved through the IP procedure and need not
be reconstituted in an artificial environment. Also proteins are expressed under native
conditions allowing for proper post-translational modification which may be necessary for some
interactions. In the case of host-pathogen studies, the ability to capture interactions directly
from active infections is a unique feature of this methodology. The cellular environment can be
drastically altered during disease and some interactions, especially those with the immune

system, will only be observed during an infection.
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Cells expressing the bait
protein of interest are lysed

Tagged bait l The capture complex is mixed with
the soluble fraction of the cellular
lysate and the bait is immobilized
onto a solid support (represented by
the yellow circle)

The whole process is predicated on
the specific recognition of a unique
feature of the bait protein (the black

True interactors flag shape in this case)
—

However some proteins will interact
non-specifically with the capture

_.——vk A
Contaminant
N complex and will be detected in the
mass spectrometer

As a result, controls are needed to
distinguish the biologically relevant
interactors from the background
contaminants

Figure 7. Workflow for an IP/AP-MS experiment
Proteins in solution will associate non-specifically with the capture complex used for IP
experiments so controls must be used to distinguish contaminants from true interactors.
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Mass spectrometry (MS) has been around for nearly 100 years but it was not used to
study large biomolecules until the invention in the 1980’s of modern ionizing techniques.
Matrix-assisted laser desorption-ionization (MALDI) and electrospray ionization (ESI) gave
scientists powerful new tools for the detection and structural identification of whole-proteins
and peptides (Fenn et al. 1989; Karas and Hillenkamp, 1988). The technology has experienced
rapid improvement over the last two decades as methods for the identification of peptides
from their mass spectra evolved in parallel with increasing computational power. Today liquid
chromatography tandem mass spectrometry (LC MS/MS) is widely used to identify proteins
present in complex mixtures like cell extracts and immunopurifications—generally referred to
as proteomics. Datasets encompassing whole proteomic surveys of model organisms are now
available (Brunner et al. 2007; Gavin et al. 2006; Krogan et al. 2006; Schrimpf et al. 2009) and a
draft of the human proteome was recently published that contains over 1 billion peptide

spectrum matches that map to 18,097 of 19,629 annotated human genes (Wilhelm et al. 2014).

Since mass spectrometry is highly sensitive, hundreds or thousands of proteins can be
identified in a single IP-MS experiment and as a result, the major drawback of the IP-MS
approach is that it can be difficult to distinguish truly interacting proteins from contaminants
that are binding non-specifically (Nesvizhskii 2012; Trinkle-Mulcahy et al. 2008).The simple
approach of subtracting proteins identified in a control IP from those identified in the target IP
can work in some cases but lacks quantitative information about peptide/protein abundance
which is essential for establishing dynamic system properties and guiding selection of
interaction candidates for follow-up studies. Proteomic measurements by mass spectrometry
are not inherently quantitative because the heterogeneous physiochemical properties of
peptides lead to differential behavior in the mass spectrometer. As a result, the signal intensity
of two different peptides present in equal amounts can vary significantly. Techniques
developed to address this problem fall into two categories: those that use isotopic labels to
derive quantitative information about protein abundance and label-free strategies that extract
guantitative information from spectral counts or peptide signal intensities. Generally the
isotopic labeling strategies give higher accuracy while the label-free methods yield higher

coverage (i.e. more identified peptides) and more dynamic range (Bantscheff et al. 2012). One
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example of a label-free approach is the significance analysis of interactome (SAINT)
computational tool (Choi et al. 2011). SAINT establishes a probability that any given bait and
prey are true interactors by modeling the spectral counts for each pair with a mixture
distribution and is especially powerful for label-free datasets that include multiple baits and
purifications which boost the robustness of the model. We used isotopic labeling for
guantitation in this work since we were focused on a single bait and desired maximal accuracy

from few IP-MS runs.

Isotopic labeling strategies utilize the mass shift inherent to peptides containing heavy
isotopes to distinguish them from the otherwise identical “light” version. Since each heavy and
light peptide pair behaves identically in the mass spectrometer, their signal intensities can be
used for relative quantification. Utilization of isotopes as “internal calibrants” for proteomics
was first reported by three groups in 1999 and the strategies differ mainly based on in vitro or
in vivo incorporation of the isotopes (Gygi et al. 1999; Oda et al. 1999; Pasa-Toli¢ et al. 1999).
The isotope-coded affinity tag (ICAT) was the first of several tag-based approaches that
chemically modify proteins in vitro with an isotopically heavy or light affinity tag linker (Gygi et
al. 1999). Labeling with tags continues to be a useful technique but it does have notable
drawbacks. Since tag-based approaches rely on specific reactive groups the detected peptides
will be biased for those groups limiting coverage and side reactions can degrade data quality.
Additionally, initial steps prior to mixing the heavy and light labeled proteins must be carefully

controlled to minimize variability that could influence downstream quantitation.

In contrast to the tag-based labeling, isotopes can be incorporated into proteins in vivo
by providing isotopically “heavy” food, in the case of whole animals, or “heavy” growth media
for cell cultures. Stable incorporation of labeled amino acids in cell culture (SILAC) is a popular
methodology for generating cells that have heavy L-lysine (**C¢, *>N,) and L-arginine (**Cq, 15N4),
incorporated into almost all proteins and this was the technique we used to generate heavy
HEK293T cells for our proteomics work (Ong 2002). Proteins with heavy arginine and lysine are
particularly advantageous for proteomics experiments that utilize a tryptic digest as each

peptide will contain a heavy arginine or lysine at the N and C termini making spectrum
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matching more tractable. In vivo labeling is advantageous because samples from the conditions
under investigation are mixed at the earliest possible point, even prior to cell lysis. As a result,
any experimental error associated with downstream processing and data collection affects the
heavy and light peptides equally. The high degree of internal control inherent to this design
should enable the confident detection of proteins that are less abundant and that would be

difficult to quantify by other methods.

The availability of comprehensive proteomics data has lagged behind transcriptional and
genomic data and now that these data can be readily collected, fundamental insights into
biological processes are being revealed (Cravatt, Simon, and Yates 2007). In one example that
challenges prior dogma, a series of recent papers have used new statistical analyses of
proteomic and transcriptomic data to show that protein abundance is controlled primarily at
the level of transcription rather than translation (Battle et al. 2015; Jovanovic et al. 2015; Li and
Biggin 2015). Proteomics has also provided important information about how pathogens
interact with and affect host cells (Carpp et al. 2014; Jager et al. 2011; Selbach et al. 2009; Shui
et al. 2009; Tawaratsumida et al. 2014; Weekes et al. 2014; York, Hutchinson, and Fodor 2014)
and these insights can directly inform vaccine and drug development strategies (Dyer, Murali,
and Sobral 2008; Roy et al. 2009). Analysis of multiple protein-protein interactions from diverse
pathogens indicates that regulatory host proteins at the center of multiple connected processes
are preferentially targeted (Franzosa and Xia 2011). This is not surprising since many pathogens,
especially viruses, have a limited number of proteins with which to execute their replicative

programs.

Influenza is one of these viruses with small genomes and few proteins that, despite
years of vigorous research effort to better understand the virus and to develop therapies and
vaccines, still significantly impacts human health. We utilized quantitative proteomics to gain
further insight into the pathophysiology of influenza infection. In order to facilitate rapid
experimentation under biosafety level 2 containment, this work was carried out using an
attenuated strain of influenza A/Puerto Rico/8/1934(H1N1) (PR8) (Beare, Schild, and Craig

1975). We produced recombinant PR8 virus with a tag on the influenza protein NEP. IP-MS
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experiments identified new host interactors for NEP. Based on the enrichment tight junction
proteins in the NEP interactome we hypothesized that NEP is affecting cellular tight junctions
and carried out experiments to test whether the presence of NEP has a functional consequence
for tight junction integrity. Our assays indicate that NEP does antagonize the barrier function of

tight junctions pointing to a new role for this influenza protein during infection.
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Chapter 2: Discovering new host
interactors of NEP using IP-MS

2.1 Summary

Our strategy for discovering new host interactors of NEP is modeled after an approach
first developed in yeast called I-DIRT (isotopic differentiation of interactors as random or
targeted). I-DIRT is an IP-MS strategy that uses isotopic labeling of proteins in vivo to distinguish
contaminants from stable interactors. In order to conduct an I-DIRT experiment a tagged
version of the target “bait” protein must be available and can be expressed from a plasmid or
may be encoded in the genome. In our case genomic expression of the tagged bait has a
distinct advantage since we are assured essential functionality is preserved if infectious virus is
recovered. We overcame several challenges related to creating influenza virus that expresses

tagged NEP during infection and produced a virus suitable for quantitative proteomics studies.

2.2 Introduction

2.2.1 Control strategies for IP-MS experiments

A comprehensive examination of protein interaction partners requires high throughput
methodologies (discussed in 1.3). Shotgun mass spectrometry is commonly used to identify
proteins in complex mixtures like IP eluates. Modern instruments, like the LTQ Orbitrap Velos,
collect high resolution, high mass accuracy data that allow for detection and identification of
thousands of proteins across several orders of dynamic range in a single sample. The high
sensitivity of mass spectrometry means that irrelevant background proteins are invariably
detected thus making identification of specifically interacting partners difficult. As a result,
when using an immunopurification-based strategy to discover new protein-protein interactions,

controls must be incorporated to distinguish true interactors from proteins that non-specifically
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associate with the capture complex (discussed in 1.3). This issue is illustrated in Figure 7 which
outlines the steps of a basic IP-MS experiment. Control IPs can be conducted in a number of
different ways including removing the tag from the target (Jorba et al. 2008), altering the
capture complex (Eisfeld et al. 2011), or placing the tag on a control protein like green
fluorescent protein (GFP) (Carpp et al. 2014). These types of control IPs are suboptimal because
their conditions are all biochemically distinct from those in the experimental IP and thus the
captured interactions will be different. In addition, the high sensitivity of the mass
spectrometer means that even proteins with very low abundance in the control will be
detected and subtracting the control identifications from the experimental can lead to a high

false negative rate.

There are also post acquisition methods for identifying background contaminants
including analytical tools like SAINT (discussed in 1.3) and curated databases of common IP
contaminants like CRAPome (contaminant repository for affinity purification data)
(Mellacheruvu et al. 2013). The CRAPome is based on the principle that proteins identified in
negative controls are bait independent. This permits aggregation of negative control results
according to experimental conditions (i.e. all control IPs that used magnetic beads). In this
manner contaminants can be identified by the frequency and abundance with which they are

represented in the repository.

I-DIRT (isotopic differentiation of interactors as random or targeted) is another way to
identify stably interacting components in IP-MS experiments. |-DIRT was initially developed in
yeast by Tackett et al. and has recently been applied to study host-virus interactions in dengue
and influenza (Carpp et al. 2014; Tackett et al. 2005; Tawaratsumida et al. 2014). The technique
relies on the incorporation of isotopically heavy versions of lysine and arginine into the full
cellular proteome by SILAC (discussed in 1.3 and detailed in 3.3). This leads to the
establishment of “heavy” and “light” cell cultures which are differentiated only by the lysine
and arginine isotopes in their proteins. All other aspects of the cultures are the same and thus
subsequent perturbations are executed on a state of equivalence. Expression of a tagged

version of the target protein in either the heavy or light culture is required for an I-DIRT
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experiment. Tagged proteins may be expressed from a plasmid (Carpp et al. 2014) or
genomically tagged as can be done in yeast (Tackett et al. 2005) and pathogens (Tawaratsumida
et al. 2014). Once the tagged target is present in one of the cultures, equal amounts of both
heavy and light cells are mixed, lysed, and an IP is performed for the tag. The eluate is then
processed for MS. Based on the isotopic equivalence principle, heavy and light peptides should
respond congruently in the mass spectrometer and their signal intensities can be used for
relative quantitation. Figure 8 is a graphical representation of an I-DIRT experiment. If the
tagged bait was expressed in the heavy culture, stably interacting proteins will be identified by
primarily heavy peptides while the inverse is true if the tagged protein was from the light
culture. Contaminating proteins that interact non-specifically are present in the lysate in equal
parts heavy and light and so should also be present in equal amounts in the eluate. Thus
proteins identified by an equal number of heavy and light peptides represent background.
However an important exception exists. Proteins that interact specifically with the target but
rapidly cycle on and off will have heavy/light peptide (H/L) ratios proportional to the exchange
rate and IP time. In order to identify specific interactors with fast on/off rates, the time period

after mixing and lysis through elution should be minimized (Figure 9).
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Cells are split into two cultures:
one is supplemented with
isotopically heavy Lys and Arg (red)
while the other is grown with
regular “light” versions (green)

A tagged version of the target is
introduced into either culture (heavy
in this example) while the control
(untagged protein) is expressed in the
other culture

‘ ‘ i‘ The infected cells are combined in

equal parts and lysed. The IP is

Controf l Tagged bait performed in the mixed lysate
, Proteins stably interacting with the
target bait protein in vivo and through
‘ the IP process will be identified by
isotopically heavy peptides

/

Contaminant l, Stable interactor

Proteins that randomly associate
with the capture complex will be
H detected by equal numbers of heavy

b b

m/z

Intensity
Intensity

and light peptides

Figure 8. Graphical representation of an I-DIRT experiment
We used an engineered virus to introduce a tagged version of NEP into isotopically heavy cells
and infected the normal cell culture with wild-type virus.
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We used the I-DIRT technique to discover new host-influenza interactions for several
reasons. First, it features a high degree of internal control because once the cells are mixed in
the initial step; all subsequent manipulations are performed on a single sample. This minimizes
the effect of technical variability on the quantitative read out. Second, because background
interactors are identified by H/L ratios not absolute abundance, less stringent IP conditions can
be used which may enable the detection of more weakly interacting partners. Lastly the
quantitative readout (H/L ratio) allows the identified proteins to be ranked by likelihood of a

stable interaction with NEP and provides guidance for prioritizing follow-up studies.

— Stable
- Dynamic
- Background

Time

Figure 9. Theoretical representation of H/L ratios for different classes of interactors
The I-DIRT technique uses the ratio of heavy to light peptides to distinguish true

interactors from contaminants. Proteins that stably associate with isotopically heavy bait in
vivo and through the affinity capture procedure should be identified predominantly by
heavy peptides and garner a high H/L ratio (blue). Proteins that interact specifically in vivo
but rapidly cycle on and off the bait will have an intermediate H/L ratio (red).
Contaminants that randomly associate with the capture complex should have H/L ratios
close to 1 (green). The H/L ratios for all species will approach 1 as time increases. The
shaded area represents the target window for execution of the IP procedure. Faster IPs will
increase the difference between ratios from contaminants vs. stable and dynamic
interactors.
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2.2.2 Strategies and considerations for tagging NEP

Epitope tagging of proteins was developed in the 1980’s in parallel with molecular
biology techniques for specifically manipulating DNA sequences. Early applications of epitope
tags include work by Hopp et al. who developed the FLAG tag in 1988 which is still widely used
(Hopp et al. 1988). Also in 1988, Geli et al. used a colicin A epitope to study the localization of
the immunity protein to colicin A and the researchers noted that “[w]ith the availability of
monoclonal antibodies directed against known epitopes, this technique of using an epitope as a
tag to label a protein should prove useful for many purposes” (Geli, Baty, and Lazdunski 1988).
This has indeed proven to be the case and a diverse array of commercial reagents are now

available to streamline workflows involving tags.

In the most general sense, a tag serves as a known component from which to operate.
Once in place within the experimental system, the tag can be specifically targeted by reagents
that provide information about localization, confer new biochemical properties, or that
immobilize the tagged target. Choice of tag will necessarily relate to the desired operation and
we focused on the physical capture of target influenza proteins and interacting host factors
from lysates of infected cells. It has been reported that antagonistic interactions between virus-
host proteins tend to be more transient in nature (Franzosa and Xia 2011). Capture of weaker,
more fleeting interactions will be maximized with the use of tags that interact with their
capture agents with high affinity. Binding (kon) of monoclonal antibodies to their target epitopes
occurs at approximately the rate expected for diffusion-limited bimolecular interactions (10° M
sl (Raman et al. 1992). As a result high affinity interactions between epitope and antibody are
characterized by low rates of dissociation (kof). For the rapid purification of targets with
intermediate or low abundance, the equilibrium dissociation rate constant (Kp) between the tag
and capture agent should be at or below 10nM (LaCava et al. 2015). Antibody-antigen
interactions are generally characterized by equilibrium dissociation rate constants in the

nanomolar range (107 to 10°M™) (Karlsson, Michaelsson, and Mattsson 1991).

Size is an additional consideration since influenza has limited space for additional

genomic sequence therefore smaller tags may minimize effects on viral fitness. It is also
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important to consider the functional consequences of tagging since this represents a physical
alteration to the target protein’s structure. Ideally a tag will not interfere with any interactions
nor adversely affect protein folding but this is not always the case. When tagged proteins are
expressed from a plasmid, additional functionality testing must be done to ascertain whether or
not native properties are retained by the chimeric version. In contrast, when an essential
protein is tagged genomically and expression of the native form is abolished, this information is
self-evident. Two different tags were successfully integrated into the influenza genome to
produce N-terminally tagged NEP, the streptavidin binding peptide (SBP) tag and the 3xFLAG

tag.

The SBP tag is a 38 amino acid optimized version of a peptide that was selected for
streptavidin binding using mRNA display. SBP interacts with streptavidin with high affinity (Kp
2.5nM) and can be eluted in mild conditions using biotin (Keefe et al. 2001). This combination
allows for high yield, high purity isolations with few steps. However, we experienced high levels
of background in affinity purifications using streptavidin so also tried the 3xFLAG tag. 3xFLAG is
a triple, tandem repetition of the original 8 amino acid sequence, DYKDDDDK, developed
specifically for immunoaffinity detection and purification at Immunex. This epitope was
rationally designed for small size, hydrophilicity and antigenicity and has been widely adopted
due to its favorable properties (Einhauer and Jungbauer 2001b; Hopp et al. 1988; LaCava et al.
2015). It is worth noting that the FLAG epitope should be used with caution in non-mammalian
systems as the Tyr residue is susceptible to sulfation which prevents interaction with antibodies
(Schmidt et al. 2012). The 3x version of the FLAG tag was reported in 2000 where the first two
repetitions are variations of the original sequence to prevent inclusion of additional
enterokinase recognition sights. This construct features improved detection sensitivity over the
original (Hernan, Heuermann, and Brizzard 2000). Several antibodies that recognize the FLAG
epitope are commercially available, M1, M2, and M5. M1 recognizes N-terminal FLAG epitopes
supposedly in a calcium-dependent manner (Hopp et al. 1988; Prickett, Amberg, and Hopp
1989) but this was subsequently called into question (Einhauer and Jungbauer 2001a). M5
preferentially binds N-terminal FLAG epitopes preceded by Met (Chubet and Brizzard 1996).
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The most popular antibody, M2, recognizes FLAG independent of location (Brizzard, Chubet,

and Vizard 1994; Einhauer and Jungbauer 2001b) and is the one used in this work.

Once suitable tags were identified, a strategy for engineering the tags into the viral
genome was devised. Methodologies for heterologous protein expression in influenza have
been available since 1989 when Luytjes et al. observed packaging of the chloramphenicol
acetyltransferase (CAT) gene into infectious virions (Luytjes et al. 1989). This early system relied
on co-infection with a wild-type “helper” virus so the output was a mixed population of
recombinant and wild-type particles. The full recovery of influenza from plasmids proved
technically challenging and was achieved in 1999 by Neumann et al. and also by Fodor et al. by
transfecting 12 different constructs into cultured cells—8 to produce the negative-sense vVRNA
segments and 4 to produce the polymerase complex proteins and NP (Fodor et al. 1999;
Neumann et al. 1999). The key feature of these new systems was the incorporation of RNA
polymerase | (Pol |) signals for the production of uncapped, unadenylated vRNAs. A refined
version used in this work was published one year later that includes RNA polymerase Il (Pol 1)
sites for the production of vmRNAs in addition to vVRNAs thus enabling transfection of just 8
plasmids instead of 12 (Figure 10) (Hoffmann et al. 2000). With this plasmid-based system in
hand, researchers can utilize available tools for DNA engineering to readily manipulate the
influenza genome. Two primary considerations were accounted for in our tagging strategies.
First NEP is encoded on a segment that is alternatively spliced during transcription and we
wanted to avoid tagging NS1. Secondly, there are conserved packaging signals that extend into
the coding regions that must be preserved to ensure the segments are incorporated into

nascent virions (Fujii et al. 2005; Gog et al. 2007; Muramoto et al. 2006).
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Figure 10. The eight-plasmid Pol I-Pol II system for the generation of influenza A
virus
Expression plasmids containing the eight viral cDNAs inserted between the human RNA

polymerase [ and II (Pol I and Pol II) promoters are transfected into eukaryotic cells. The
Pol I transcription product is antisense and serves as template for the viral polymerase
complex (VRNA). The Pol Il product is an mRNA which is translated into influenza protein.
Once the polymerase complex proteins have been translated, the infectious cycle is
initiated. Figure adapted from Hoffmann et al. 2000.

One key feature of our tagging strategy was the use of the 2A self-cleaving peptide
sequence from foot-and-mouth disease virus (Ryan, King, and Thomas 1991). This 17 amino
acid sequence promotes ribosomal skipping during translation leading to the production of two
independent proteins from a single transcript (Donnelly et al. 2001). There are alternative

versions of the 2A peptide derived from other viruses and processing of these cleavage signals
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is context dependent (influenced by both cell-type (Kim et al. 2011) and adjacent sequence
(Ryan, King, and Thomas 1991)) and inefficient skipping leads to production of a fusion protein.
We tested 2 other self-cleaving sequences, T2A, and E2A and also a triple tandem repeat of 2A
(32A) and were able to significantly reduce the amount of fusion with both 32A and E2A (a third
variant, P2A failed during the cloning process). The self-cleaving sequences are aligned in Figure
11. The 2A sequence has been employed as a tool in a variety of contexts including gene
therapy (Fang et al. 2005; Szymczak et al. 2004) and to study influenza. The 2A sequence was
first used for expression of a foreign sequence in influenza in 1994. The chloramphenicol
transferase (CAT) reporter gene was stably incorporated into the influenza genome by
separating the CAT and NA coding sequences with 2A (Percy et al. 1994). Tawaratsumida et al.
(2014) inserted 2A and a tag onto the NS segment and used the recombinant virus in an |-DIRT
experiment to find new interactors of NS1 and NEP. However this virus produces 3xFLAG-
StrepOne tags on both NS1 and NEP making it difficult to distinguish unique interactors for
either protein. In very recent work, the full coding sequences of NS1 and NEP were separated
on NS segment with the P2A sequence. Using this strategy fluorescent reporter viruses were

produced that express GFP-tagged NEP during infection (Reuther et al. 2015).

We successfully recovered infectious virus expressing NEP N-terminally tagged with
either SBP or 3xFLAG by relocating the coding sequence to segment 6 which codes for NA. We
also mutated the splice acceptor site on the NS segment to prevent alternative splicing. A
schematic diagram of the NS and NA segments of wild type and our first generation virus NA

are presented in Figure 12.

Consensus XXXXXXXX GD

TA —— GSGEGRGSLLTCGD
PPA — GSGATNF SIHEKQAGDVIEE
B2A —GSGOCTNYARNNEKEAGDNE S
2A NFDLLKLAGDVES

Figure 11. Alignment of self-cleaving 2A variant sequences
The sequences of the 2A variants tested were aligned in Geneious v7.1.9 using the
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Geneious method with default parameters. Polypeptide chain break occurs between the C-
terminal Gly and Pro residues (arrow). 32
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Figure 12. Schematic diagram showing the native and engineered NS and NA
segments from PR8 and N2SN viruses and the proteins produced

Wild type NS and NA segments are presented in (A). The NS segment is alternatively
spliced to produce NS1 and NEP while the NA segment produces NA protein. (B) The first
generation recombinant virus (NA-2A-SBP-NEP, (N2SN)) features a mutated splice
acceptor site to prevent production of NEP mRNAs and a C-terminal HA tag on NS1.
Sequences encoding the streptavidin-binding peptide (SBP) and NEP were added to the NA
segment. The NA and SBP-NEP sequences were separated by sequence coding for the 2A
peptide which generates a peptide chain break during translation. The green boxes on NS1
and NEP denote shared N-terminal sequence.
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2.3 Methods

2.3.1 Plasmid Constructs

NEP was cloned into the pGEX-4T1 vector (EcoRI/Notl) for E. coli expression. pHW2000
vectors were used to generate infectious PR8 virus (Hoffmann et al. 2000). All polymerase chain
reactions (PCRs) were performed with Phusion® polymerase using standard procedures. The
influenza segments in the pHW2000 plasmids are all located between Sall and BstEll cloning
sites on the 5’ and 3’ ends respectively. Sequences for the engineered NS and NA segments
between the Sall and BstEll cloning sites are presented in Table 2. The accuracies of all plasmid
constructs were verified by sequencing. For the construction of the 2A sequence variants, the
full NA-T2A-SBP-NEP sequence between the BstEll and Sall cloning sites was built by BlueHeron
Inc. This construct features the addition of a Stul recognition site in NA by mutating guanine
1215 (from the initiator adenosine) to thymine (AGGCCG -> AGGCCT) and also the addition of
an Xhol recognition site in NEP by mutating thymine 61 and guanine 63 (from the NEP initiator
adenosine) both to cytosine (TTGGAG -> CTCGAG). These are silent mutations. The self-cleaving
peptide and tag sequences can be readily exchanged by restriction cloning between these two

sites.
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Table 2. Primer and gene segment sequences

Oligo/sequence ID  Purpose Nucleic acid sequence

pHW?2000_Sall_fwd Universal pHW2000 forward [caattaGTCGACCTCCGAAGTTGGGG

pHW2000_Bstell_rvs Universal pHW2000 reverse caattaGGTGACCGCCGGGAGGGCG

2A Self-cleaving sequence AACTTTGACCTTCTCAAGTTGGCCGGCGACGTCGAGTCCAACCCAGGGCCC

E2A Self-cleaving sequence GGAAGCGGACAGTGTACTAATTATGCTCTCTTGAAATTGGCTGGAGATGTTGAGAGCAACCCTGGACCT
T2A Self-cleaving sequence GGAAGCGGAGAGGGCAGAGGAAGTCTGCTAACATGCGGTGACGTCGAGGAGAATCCTGGACCT
P2A Self-cleaving sequence GGAAGCGGAGCTACTAACTTCAGCCTGCTGAAGCAGGCTGGAGACGTGGAGGAGAACCCTGGACCT

GTCGACCTCCGAAGTTGGGGGGGAGCAAAAGCAGGGTGACAAAAACATAATGGATCCAAACACTGTGTCAAGCTTTCAGGTAGATTGCTTTCTTTGGCATGTCCGCAAACGAGTTGCAGACCAAGA
ACTAGGCGATGCCCCATTCCTTGATCGGCTTCGCCGAGATCAGAAATCCCTAAGAGGAAGGGGCAGTACTCTCGGTCTGGACATCAAGACAGCCACACGTGCTGGAAAGCAGATAGTGGAGCGG
ATTCTGAAAGAAGAATCCGATGAGGCACTTAAAATGACCATGGCCTCTGTACCTGCGTCGCGTTACCTAACTGACATGACTCTTGAGGAAATGTCAAGGGACTGGTCCATGCTCATACCCAAGCAGA
AAGTGGCAGGCCCTCTTTGTATCAGAATGGACCAGGCGATCATGGATAAGAACATCATACTGAAAGCGAACTTCAGTGTGATTTTTGACCGGCTGGAGACTCTAATATTGCTAAGGGCTTTCACCGA
N2SN virus AGAGGGAGCAATTGTTGGCGAAATTTCACCATTGCCTTCTCTTCCCGGGCATACTGCTGAGGATGTCAAAAATGCAGTTGGAGTCCTCATCGGAGGACTTGAATGGAATGATAACACAGTTCGAGTC
' TCTGAAACTCTACAGAGATTCGCTTGGAGAAGCAGTAATGAGAATGGGAGACCTCCACTCACTCCAAAACAGAAACGAGAAATGGCGGGAACAATTAGGTCAGAAGTTGGAGGAGGATACCCATA
CGATGTTCCAGATTACGCTTGAAGAAATAAGATGGTTGATTGAAGAAGTGAGACACAAACTGAAGATAACAGAGAATAGTTTTGAGCAAATAACATTTATGCAAGCCTTACATCTATTGCTTGAAGTG
GAGCAAGAGATAAGAACTTTCTCGTTTCAGCTTATTTAGTACTAAAAAACACCCTTGTTTCTACTAATAACCCGGCGGCCCAAAATGCCGACTCGGAGCGAAAGATATACCTCCCCCGGGGCCGGGA
GGTCGCGTCACCGACCACGCCGCCGGCCCAGGCGACGCGCGACACGGACACCTGTCCCCAAAAACGCCACCATCGCAGCCACACACGGAGCGCCCGGGGCCCTCTGGTCAACCCCAGGACACA
CGCGGGAGCAGCGCCGGGCCGGGGACGCCCTCCCGGCGGTCACC

NS segment

GTCGACCTCCGAAGTTGGGGGGGAGCAAAAGCAGGAGTTTAAAATGAATCCAAATCAGAAAATAATAACCATTGGATCAATCTGTCTGGTAGTCGGACTAATTAGCCTAATATTGCAAATAGGGAAT
ATAATCTCAATATGGATTAGCCATTCAATTCAAACTGGAAGTCAAAACCATACTGGAATATGCAACCAAAACATCATTACCTATAAAAATAGCACCTGGGTAAAGGACACAACTTCAGTGATATTAACC

GGCAATTCATCTCTTTGTCCCATCCGTGGGTGGGCTATATACAGCAAAGACAATAGCATAAGAATTGGTTCCAAAGGAGACGTTTTTGTCATAAGAGAGCCCTTTATTTCATGTTCTCACTTGGAATGC
AGGACCTTTTTTCTGACCCAAGGTGCCTTACTGAATGACAAGCATTCAAGTGGGACTGTTAAGGACAGAAGCCCTTATAGGGCCTTAATGAGCTGCCCTGTCGGTGAAGCTCCGTCCCCGTACAATT

CAAGATTTGAATCGGTTGCTTGGTCAGCAAGTGCATGTCATGATGGCATGGGCTGGCTAACAATCGGAATTTCAGGTCCAGATAATGGAGCAGTGGCTGTATTAAAATACAACGGCATAATAACTGA
AACCATAAAAAGTTGGAGGAAGAAAATATTGAGGACACAAGAGTCTGAATGTGCCTGTGTAAATGGTTCATGTTTTACTATAATGACTGATGGCCCGAGTGATGGGCTGGCCTCGTACAAAATTTTC

AAGATCGAAAAGGGGAAGGTTACTAAATCAATAGAGTTGAATGCACCTAATTCTCACTATGAGGAATGTTCCTGTTACCCTGATACCGGCAAAGTGATGTGTGTGTGCAGAGACAATTGGCATGGTT
CGAACCGGCCATGGGTGTCTTTCGATCAAAACCTGGATTATCAAATAGGATACATCTGCAGTGGGGTTTTCGGTGACAACCCGCGTCCCGAAGATGGAACAGGCAGCTGTGGTCCAGTGTATGTTG
ATGGAGCAAACGGAGTAAAGGGATTTTCATATAGGTATGGTAATGGTGTTTGGATAGGAAGGACCAAAGGTCACAGTTCCAGACATGGGTTTGAGATGATTTGGGATCCTAATGGATGGACAGAG

NA segment N2SN virus ACTGATAGTAAGTTCTCTGTGAGGCAAGATGTTGTGGCAATGACTGATTGGTCAGGGTATAGCGGAAGTTTCGTTCAACATCCTGAGCTGACAGGGCTAGACTGTATGAGGCCTTGCTTCTGGGTTG
AATTAATCAGGGGACGACCTAAAGAAAAAACAATCTGGACTAGTGCGAGCAGCATTTCTTTTTGTGGCGTGAATAGTGATACTGTAGATTGGTCTTGGCCAGACGGTGCTGAGTTGCCATTCAGCAT
TGACAAGAACTTTGACCTTCTCAAGTTGGCCGGCGACGTCGAGTCCAACCCAGGGCCCATGGAT AACAGGAT( TGGACATGTCGT/ TTGCAGGTGAACTAGAA

CAATTGAGAGCAAGATTGGAACATCACCCTCAAGGTCAAAGAGAACCTATGGACCCCAACACCGTGAGCTCATTCCAGGACATACTGCTGAGGATGTCAAAAATGCAGCTCGAGTCCTCATCGGAG
GACTTGAATGGAATGATAACACAGTTCGAGTCTCTGAAACTCTACAGAGATTCGCTTGGAGAAGCAGTAATGAGAATGGGAGACCTCCACTCACTCCAAAACAGAAACGAGAAATGGCGGGAACAA
TTAGGTCAGAAGTTT \TAAGATGGTTGATT!  TGAGACACAAACTGAAGATAACAGAGAATAGTTTTGAGCAAATAACATTTATGCAAGCCTTACATCTATTGCTTGAAGTGGAGCA
AGAGATAAGAACTTTCTCGTTTCAGCTTATTTAGTAAGAATTAATCAGGGGACGACCTAAAGAAAAAACAATCTGGACTAGTGCGAGCAGCATTTCTTTTTGTGGCGTGAATAGTGATACTGTAGATT

GGTCTTGGCCAGACGGTGCTGAGTTGCCATTCAGCATTGACAAGTAGTCTGTTCAAAAAACTCCTTGTTTCTACTAATAACCCGGCGGCCCAAAATGCCGACTCGGAGCGAAAGATATACCTCCCCC

GGGGCCGGGAGGTCGCGTCACCGACCACGCCGCCGGCCCAGGCGACGCGCGACACGGACACCTGTCCCCAAAAACGCCACCATCGCAGCCACACACGGAGCGCCCGGGGCCCTCTGGTCAAC
CCCAGGACACACGCGGGAGCAGCGCCGGGCCGGGGACGCCCTCCCGGCGGTCACC

GTCGACCTCCGAAGTTGGGGGGGAGCAAAAGCAGGGTGACAAAAACATAATGGATCCAAACACTGTGTCAAGCTTTCAGGTAGATTGCTTTCTTTGGCATGTCCGCAAACGAGTTGCAGACCAAGA
ACTAGGCGATGCCCCATTCCTTGATCGGCTTCGCCGAGATCAGAAATCCCTAAGAGGAAGGGGCAGTACTCTCGGTCTGGACATCAAGACAGCCACACGTGCTGGAAAGCAGATAGTGGAGCGG
ATTCTGAAAGAAGAATCCGATGAGGCACTTAAAATGACCATGGCCTCTGTACCTGCGTCGCGTTACCTAACTGACATGACTCTTGAGGAAATG TCAAGGGACTGGTCCATGCTCATACCCAAGCAGA
AAGTGGCAGGCCCTCTTTGTATCAGAATGGACCAGGCGATCATGGATAAGAACATCATACTGAAAGCGAACTTCAGTGTGATTTTTGACCGGCTGGAGACTCTAATATTGCTAAGGGCTTTCACCGA
NS segment 32A, 32A-3xFLAG virus AGAGGGAGCAATTGTTGGCGAAATTTCACCATTGCCTTCTCTTCCCGGGCATACTGCTGAGGATGTCAAAAATGCAGTTGGAGTCCTCATCGGAGGACTTGAATGGAATGATAACACAGTTCGAGTC
TCTGAAACTCTACAGAGATTCGCTTGGAGAAGCAGTAATGAGAATGGGAGACCTCCACTCACTCCAAAACAGAAACGAGAAATGGCGGGAACAATTAGGTCAGAAGTTTGAAGAAATAAGATGGTT
GATTGAAGAAGTGAGACACAAACTGAAGATAACAGAGAATAGTTTTGAGCAAATAACATTTATGCAAGCCTTACATCTATTGCTTGAAGTGGAGCAAGAGATAAGAACTTTCTCGTTTCAGCTTATTTA
GTACTAAAAAACACCCTTGTTTCTACTAATAACCCGGCGGCCCAAAATGCCGACTCGGAGCGAAAGATATACCTCCCCCGGGGCCGGGAGGTCGCGTCACCGACCACGCCGCCGGCCCAGGCGA
CGCGCGACACGGACACCTGTCCCCAAAAACGCCACCATCGCAGCCACACACGGAGCGCCCGGGGCCCTCTGGTCAACCCCAGGACACACGCGGGAGCAGCGCCGGGCCGGGGACGLLLTCCC
GGCGGTCACC
GTCGACCTCCGAAGTTGGGGGGGAGCAAAAGCAGGAGTTTAAAATGAATCCAAATCAGAAAATAATAACCATTGGATCAATCTGTCTGGTAGTCGGACTAATTAGCCTAATATIGCAAATAGGGAAT
ATAATCTCAATATGGATTAGCCATTCAATTCAAACTGGAAGTCAAAACCATACTGGAATATGCAACCAAAACATCATTACCTATAAAAATAGCACCTGGGTAAAGGACACAACTTCAGTGATATTAACC
GGCAATTCATCTCTTTGTCCCATCCGTGGGTGGGCTATATACAGCAAAGACAATAGCATAAGAATTGG TTCCAAAGGAGACGTTTTTGTCATAAGAGAGCCCTTTATTTCATGTTCTCACTTGGAATGC
AGGACCTTTTTTCTGACCCAAGGTGCCTTACTGAATGACAAGCATTCAAG TGGGACTGTTAAGGACAGAAGCCCTTATAGGGCCTTAATGAGCTGCCCTGTCGGTGAAGCTCCGTCCCCGTACAATT
CAAGATTTGAATCGGTTGCTTGGTCAGCAAGTGCATGTCATGATGGCATGGGCTGGCTAACAATCGGAATTTCAGGTCCAGATAATGGAGCAGTGGCTGTATTAAAATACAACGGCATAATAACTGA
AACCATAAAAAGTTGGAGGAAGAAAATATTGAGGACACAAGAGTCTGAATGTGCCTGTGTAAATGGTTCATGTTTTACTATAATGACTGATGGCCCGAGTGATGGGCTGGCCTCGTACAAAATTTTC
AAGATCGAAAAGGGGAAGGTTACTAAATCAATAGAGTTGAATGCACCTAATTCTCACTATGAGGAATGTTCCTGTTACCCTGATACCGGCAAAGTGATGTGTGTGTGCAGAGACAATTGGCATGGTT
CGAACCGGCCATGGGTGTCTTTCGATCAAAACCTGGATTATCAAATAGGATACATCTGCAGTGGGGTTTTCGGTGACAACCCGCGTCCCGAAGATGGAACAGGCAGCTGTGGTCCAGTGTATGTTG
ATGGAGCAAACGGAGTAAAGGGATTTTCATATAGGTATGGTAATGGTGTTTGGATAGGAAGGACCAAAGGTCACAGTTCCAGACATGGGTTTGAGATGATTTGGGATCCTAATGGATGGACAGAG

. ACTGATAGTAAGTTCTCTGTGAGGCAAGATGTTGTGGCAATGACTGATTGGTCAGGGTATAGCGGAAGTTTCGTTCAACATCCTGAGCTGACAGGGCTAGACTGTATGAGGCCTTGCTTCTGGGTTG
NA segment 32Avirus AATTAATCAGGGGACGACCTAAAGAAAAAACAATCTGGACTAGTGCGAGCAGCATTTCTTTTTGTGGCGTGAATAGTGATACTGTAGATTGGTCTTGGCCAGACGGTGCTGAGTTGCCATTCAGCAT
TGACAAGAACTTTGACTTACTAAAGCTGGCAGGAGACGTAGAGTCCAACCCTGGACCAGGGAATTTCGATCTCCTAAAACTAGCTGGTGATGTAGAATCAAATCCCGGTCCTGGTAACTTTGACCTT
CTCAAGTTGGCCGGCGACGTCGAGTCCAACCCAGGGCCCATGGATC AACAGGA  TGGACATGTCGT/ TTGCAGGTGAACTAGAACAATTGAGAGCAAGATTG
GAACATCACCCTCAAGGTCAAAGAGAACCTATGGACCCCAACACCGTGAGCTCATTCCAGGACATACTGCTGAGGATGTCAAAAATGCAGCTCGAGTCCTCATCGGAGGACTTGAATGGAATGATA
ACACAGTTCGAGTCTCTGAAACTCTACAGAGATTCGCTTGGAGAAGCAGTAATGAGAATGGGAGACCTCCACTCACTCCAAAACAGAAACGAGAAATGGCGGGAACAATTAGGTCAGAAGTTTGAA
GAAATAAGATGGTTGATTGAAGAAGTGAGACACAAACTGAAGATAACAGAGAATAGTTTTGAGCAAATAACATTTATGCAAGCCTTACATCTATTGCTTGAAGTGGAGCAAGAGATAAGAACTTTCTC
GTTTCAGCTTATITAGTAAGAATTAATCAGGGGACGACCTAAAGAAAAAACAATCTGGACTAGTGCGAGCAGCATTTCTTTTTGTGGCGTGAATAGTGATACTGTAGATTGGTCTTGGCCAGACGGTG
CTGAGTTGCCATTCAGCATTGACAAGTAGTCTGTTCAAAAAACTCCTTGTTTCTACTAATAACCCGGCGGCCCAAAATGCCGACTCGGAGCGAAAGATATACCTCCCCCGGGGCCGGGAGGTCGCG
TCACCGACCACGCCGCCGGCCCAGGCGACGCGCGACACGGACACCTGTCCCCAAAAACGCCACCATCGCAGCCACACACGGAGCGCCCGGGGCCCTCTGGTCAACCCCAGGACACACGCGGGA
GCAGCGCCGGGCCGGGGACGCCCTCCCGGCGGTCACC

GTCGACCTCCGAAGTTGGGGGGGAGCAAAAGCAGGAGTTTAAAATGAATCCAAATCAGAAAATAATAACCATTGGATCAATCTGTCTGGTAGTCGGACTAATTAGCCTAATATTGCAAATAGGGAAT
ATAATCTCAATATGGATTAGCCATTCAATTCAAACTGGAAGTCAAAACCATACTGGAATATGCAACCAAAACATCATTACCTATAAAAATAGCACCTGGGTAAAGGACACAACTTCAGTGATATTAACC

GGCAATTCATCTCTTTGTCCCATCCGTGGGTGGGCTATATACAGCAAAGACAATAGCATAAGAATTGGTTCCAAAGGAGACGTTTTTGTCATAAGAGAGCCCTTTATTTCATGTTCTCACTTGGAATGC
AGGACCTTTTTTCTGACCCAAGGTGCCTTACTGAATGACAAGCATTCAAGTGGGACTGTTAAGGACAGAAGCCCTTATAGGGCCTTAATGAGCTGCCCTGTCGGTGAAGCTCCGTCCCCGTACAATT

CAAGATTTGAATCGGTTGCTTGGTCAGCAAGTGCATGTCATGATGGCATGGGCTGGCTAACAATCGGAATTTCAGGTCCAGATAATGGAGCAGTGGCTGTATTAAAATACAACGGCATAATAACTGA
AACCATAAAAAGTTGGAGGAAGAAAATATTGAGGACACAAGAGTCTGAATGTGCCTGTGTAAATGGTTCATGTTTTACTATAATGACTGATGGCCCGAGTGATGGGCTGGCCTCGTACAAAATTTTC

AAGATCGAAAAGGGGAAGGTTACTAAATCAATAGAGTTGAATGCACCTAATTCTCACTATGAGGAATGTTCCTGTTACCCTGATACCGGCAAAGTGATGTGTGTGTGCAGAGACAATTGGCATGGTT
CGAACCGGCCATGGGTGTCTTTCGATCAAAACCTGGATTATCAAATAGGATACATCTGCAGTGGGGTTTTCGGTGACAACCCGCGTCCCGAAGATGGAACAGGCAGCTGTGGTCCAGTGTATGTTG
ATGGAGCAAACGGAGTAAAGGGATTTTCATATAGGTATGGTAATGGTGTTTGGATAGGAAGGACCAAAGGTCACAGTTCCAGACATGGGTTTGAGATGATTTGGGATCCTAATGGATGGACAGAG

NA segment 32A-3XFLAG virus ACTGATAGTAAGTTCTCTGTGAGGCAAGATGTTGTGGCAATGACTGATTGGTCAGGGTATAGCGGAAGTTTCGTTCAACATCCTGAGCTGACAGGGCTAGACTGTATGAGGCCTTGCTTCTGGGTTG
AATTAATCAGGGGACGACCTAAAGAAAAAACAATCTGGACTAGTGCGAGCAGCATTTCTTTTTGTGGCGTGAATAGTGATACTGTAGATTGGTCTTGGCCAGACGGTGCTGAGTTGCCATTCAGCAT
' TGACAAGAACTTTGACTTACTAAAGCTGGCAGGAGACGTAGAGTCCAACCCTGGACCAGGGAATTTCGATCTCCTAAAACTAGCTGGTGATGTAGAATCAAATCCCGGTCCTGGTAACTTTGACCTT

CTCAAGTTGGCCGGCGACGTCGAGTCCAACCCAGGGCCCATGGACTACAAAGACCATGACGGTGATTATAAAGATCATGATATCGATTACAAGGATGACGATGACAAGGGCGGTATGGACCCCAA
CACCGTGAGCTCATTCCAGGACATACTGCTGAGGATGTCAAAAATGCAGCTCGAGTCCTCATCGGAGGACTTGAATGGAATGATAACACAGTTCGAGTCTCTGAAACTCTACAGAGATTCGCTTGGA
GAAGCAGTAATGAGAATGGGAGACCTCCACTCACTCCAAAACAGAAACGAGAAATGGCGGGAACAATTAGGTCAGAAGTTT( \TAAGATGGTTGATT( TGAGACACAAACTGAA
GATAACAGAGAATAGTTTTGAGCAAATAACATTTATGCAAGCCTTACATCTATTGCTTGAAGTGGAGCAAGAGATAAGAACTTTCTCGTTTCAGCTTATTTAGTAAGAATTAATCAGGGGACGACCTAA
AGAAAAAACAATCTGGACTAGTGCGAGCAGCATTTCTTTTTGTGGCGTGAATAGTGATACTGTAGATTGGTCTTGGCCAGACGGTGCTGAGTTGCCATTCAGCATTGACAAGTAGTCTGTTCAAAAAA
CTCCTTGTTTCTACTAATAACCCGGCGGCCCAAAATGCCGACTCGGAGCGAAAGATATACCTCCCCCGGGGCCGGGAGGTCGCGTCACCGACCACGCCGCCGGCCCAGGCGACGCGCGACACGG
ACACCTGTCCCCAAAAACGCCACCATCGCAGCCACACACGGAGCGCCCGGGGCCCTCTGGTCAACCCCAGGACACACGCGGGAGCAGCGCCGGGCCGGGGACGCCCTCCCGGCGGTCACC

The first column shows the sequence name. The second column indicates the context in
which the sequence was used. Column three displays the nucleic acid sequence from 5’-3’.
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2.3.2 Protein Expression

PGEX-4T1-NEP was transfected into chemically competent commercially available E. coli
strain BL21(DE3)pLysS. Following ampicillin selection on agar plates, a single colony was
inoculated into a 50mL starter culture (Lauria Bertani media with ampicillin (LBamp)) for
overnight growth at 37°C with shaking. The following morning 1L LBamp was inoculated with
starter culture (10mL) to an optical density at 600nm (OD600) of 0.1. Cultures were grown at
37°C with shaking to an OD600 of 0.5 (3 hours) then induced with 1mM isopropyl B-D-1-
thiogalactopyranoside (IPTG) and grown for 3 more hours. Bacterial cells were pelleted by

centrifugation and placed at -20°C.

2.3.3 Protein Purification

Frozen bacterial cell pellets (from 500mL culture) were thawed in 30mL phosphate
buffered saline pH 7.4 (PBS) and then sonicated 3x for 30 seconds. Lysates were spun at 15,000
x g for 15 minutes. Dithiothreitol (DTT) was added to 1mM and the supernatant was added to
3mL washed glutathione Sepharose-4B (GE Healthcare). The slurry was rocked for 12 hours at
4°C and then added to a gravity flow column and washed with 40 column volumes PBS. Column
was eluted with three, 3mL fractions of 10mM reduced glutathione in PBS. Fractions containing

GST-NEP were combined and dialyzed against PBS.

234 Protein Analysis

Protein samples were heated to 90°C for 5 minutes in lithium dodecyl sulfate (LDS)
sample buffer with 50mM DTT in preparation for electrophoresis. The heated protein samples
were separated by electrophoresis using precast Bis-Tris 4-12% gradient polyacrylamide gels in
a 2-(N-morpholino)ethanesulfonic acid (MES) buffer system (SDS-PAGE). After electrophoresis,
proteins were visualized with Coomassie blue based Imperial Protein Stain (Thermo Scientific,
24615) or transferred to PVDF membrane for western blot using standard procedures. Western

blots were probed with anti-NEP polyclonal rabbit serum (at 1:2000 dilution) produced as
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described in 2.4.1 or anti-FLAG M2-HRP (Sigma, A8592) at 1:10,000 dilution in PBS with 0.01%

Tween-20.

2.3.5 Cell Culture

HEK293T cells were grown in complete Dulbecco’s modified Eagle’s medium-cDMEM
(DMEM with 10% fetal calf serum, and 1% penicillin/streptomycin). MDCKII cells were grown in
modified Eagle’s medium (MEM) with 5% FCS, 1% penicillin/streptomycin (Gibco, 15140) and
MEM vitamin solution (Gibco, 11120). Cells were maintained at 37°C and 5% CO2.

2.3.6 Viral Production

Influenza virus was produced using reverse genetics with a 5-day procedure as follows:
Day 1, co-cultures of HEK293T/MDCKII cells were seeded into a 6 well dish (0.15E06/0.35E06
cells/well). Day 2, pHW2000 influenza plasmids were transfected into the co-cultures (0.6ug of
each plasmid except NP (2ug), NS (0.1ug), and M (0.1ug) in 200uL of Opti-MEM® with 12ulL
Mirus LT1 transfection agent per well). Day 3, cDMEM was replaced with infection media (Opti-
MEM® with 0.3% Fraction V Bovine Serum Albumin and 2pg/mL TPCK-trypsin). Day 4, MDCKI|
cells were plated in 6 well plates (0.35E6/well) in 1IXMEM (Modified Eagle’s Medium with 5%
FCS, 1% pen/strep, and 1x MEM vitamins). Day 5, MDCKIl medium was replaced with 1mL of
infection media and 1mL of viral supernatant from the co-cultures. Once the MDCKII cells
exhibited significant cytopathic effects from viral invasion (48-72 hours), the supernatant was
transferred to MDCKII cells in a 15mL plate for amplification. After 48-72 hours, cultures were
spun (4,000 RMP for 10min) to pellet cell debris and the viral supernatant was preserved for

immediate use at 4°C or stored at -80°C.

2.3.7 Affinity purification for the SBP tag

HEK293T cells in 10cm dishes at 80% confluency were infected with sufficient virus to

visibly observe cytopathic effects (CPE) within 20 hours (500-200uL of supernatant from the
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MDCKII cell amplifications). Cells were harvested by centrifugation at 20-24 hours post
infection, washed in 1mL PBS, and stored at -20°C. Frozen cell pellets were thawed on ice,
incubated for 10 minutes in 800uL lysis/binding buffer (PBS + 0.5% NP-40 (IGEPAL CA-630)) and
1x protease inhibitor (Sigma, P8340), and then sonicated for 15sec. Following centrifugation
(21,000 x g, 2 minutes), the soluble fraction was added to 150uL washed M280-streptavidin
Dynabeads (Invitrogen, 11205D) and bound on ice for 30 minutes with three resuspentions. The
beads were washed 3x in 1mL PBS or HEPES buffer as noted and transferred to a new 1.5mL
Eppendorf tube with a 4th wash. The beads were eluted with 75uL LDS protein sample buffer.
Alternative HEPES buffer (20mM HEPES pH 7.4, 110mM KOAc, 2mM MgCl,,0.5% NP-40 and
protease inhibitor) was used for IP optimization as noted in 2.4.2.3., Benzonase® nuclease was

used at a concentration of 100U/mL as noted.

2.3.8 Immunopurification for the 3xFLAG-tag

HEK293T cells in 15cm dishes at approximately 80% confluency were infected with
sufficient virus for visible CPE within 20 hours (300pL of supernatant from the MDCKI! cell
amplifications for PR8 or 2mL for 32A-3xFLAG). Cells were harvested by centrifugation at 20
hours post infection, washed in 1mL PBS, and stored at -20°C. Frozen cell pellets were thawed
on ice, incubated for 10 minutes in 800uL lysis/binding buffer HB (20mM HEPES pH 7.4, 110mM
KOAc, 2mM MgCl,, 0.1%-5% Triton X-100 (TX-100)) and 1x protease inhibitor (Sigma, P8340),
and then sonicated for 15 seconds. Following centrifugation (21,000 x g, 2 minutes) the soluble
fraction was added to 300uL washed PrG-Dynabeads (Invitrogen, 10003D) covalently coupled
to anti-FLAG M2 ab (Sigma, F3165). The Dynabeads were prepared as follows: 900uL washed
PrG Dynabeads were rotated with 300ug M2 antibody in citrate-phosphate buffer (25mM citric
acid, 50mM Na2P04, pH 5) for 1 hour. Bead-antibody complexes were washed in 1ImL 0.2M
triethanolamine (TEA) pH 8.2 and then cross-linked with 20mM dimethyl pimelimidate (DMP) in
TEA for 15 minutes. The reaction was stopped by washing in 50mM Tris pH 7.5 for 15 minutes.
Cleared cell lysates were bound for 20 minutes at RT and then beads were washed 2x in binding

buffer and transferred to a new 1.5mL Eppendorf tube with a 3rd wash. The beads were eluted
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with either various concentrations of MgCl,, with 200mM glycine pH 3, 1% Rapigest (Waters,
186002122), or LDS sample buffer as noted.

2.3.9 Mass spectrometry

2.3.9.1 Sample Preparation

Bands were excised and cut into 1-2mm cubes from polyacrylamide gels following
staining with Imperial Protein stain. Cubes were covered with 500uL de-stain solution (25mM
ammonium bicarbonate (AmBic), 50% acetonitrile (ACN)) and shaken at 37°C for 30 minutes.
De-stain was removed and another 500uL was added and incubated as before. The second de-
stain was removed and proteins were reduced with 200uL 10mM DTT in 100mM AmBic for 30
minutes at 60°C. After cooling to RT, cubes were covered with 200uL 2-iodoacetamide (55mM
in 100mM AmBic) for 1 hour in the dark at RT. Cubes were washed 2x with de-stain as before
except with 15 minutes incubations. Gel cubes were desiccated by adding 200uL ACN for 15
minutes at RT. After removal of ACN, cubes were allowed to air dry 10 minutes. Gel pieces were
then re-hydrated with trypsin (Promega, V5280) buffer (12.5ng/uL trypsin in 100mM Ambic)
and incubated overnight at 37°C. Gel pieces were pelleted by centrifugation and the
supernatant containing digested peptides was saved. Gel cubes were rinsed with 200uL 1%
trifluoroacetic acid to extract residual peptides. The rinse and digest supernatants were
combined and dried in a speed vacuum. Peptides were resuspended in 15uL of 1% formic acid

and stored at -20°C.

2.3.9.2 Data acquisition and analysis

Peptide samples were run on a Thermo Linear Trap Quadrupole (LTQ) Velos Orbitrap.
Pre-fractionation was performed on an Eksigent ultra-high pressure nanopump. 4L of each
sample was passed first through a trap column (New Objective, IF360-75-50-N-5) packed with
2cm of C18 silica beads (Dr.Maisch ReproSil-Pur C18-AQ, 3um) and then an analytical column
(New Objective, PF5010-150H002-3P) with a 135 minute continuous dual solvent gradient
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(0.1% TFA-A/acetonitrile-B): 0-5 minutes 3% A, 95 minutes 75% A, 100 minutes 65% A, 105-110
minutes 20% A, 115 minutes 65% A, 117-135 minutes 97% A. Flow rate was 300nL/minute.

Standard shotgun MS-MS settings were used: profile mode full mass spectrometry scans (MS1),
m/z 400-2000, at 60,000 resolution, dynamic exclusion enabled. The 10 most intense ions from

each scan were selected for CID fragmentation (MS2).

Mass spectrometry .RAW files were searched and analyzed using the MaxQuant
proteomics computational environment with the Andromeda search engine with default
parameters according to the standard workflow (Cox and Mann 2008; Cox et al. 2009). The
UniProtKB/Swiss-Prot database (release 2013 _12) with influenza A/Puerto Rico/8/1934(H1N1),
AcGFP (gb]JAAN41637.1), 3xFLAG peptide, and 2A peptide sequences, was used for peptide

identifications.
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2.4 Results

24.1 Expression and purification of recombinant GST-NEP

In order to effectively detect the NEP protein in infected cell lysates, a polyclonal rabbit
antiserum was raised against a glutathione-S-transferase (GST) fusion expressed and purified
from E. coli (GST-NEP). It is important to note that NEP and NS1 share ten N-terminal amino
acids, so the polyclonal serum was cross reactive. A Coomassie-stained gel showing the pre-
bound supernatant input, the post-bind flow through, and elution fractions, is shown in Figure
13A. A secondary purification step was not used and fractions 1 and 2 were combined for
dialysis. The dialyzed GST-NEP protein was used to inoculate rabbits for the production of
polyclonal rabbit serum. The naive serum from three different animals was screened by
western blot against GST-NEP and no pre-existing reactivity was found for any of the animals
(data not shown). Figure 13B shows a western blot of serum from rabbits #1649 and #1744.
Two amounts (100ng and 20ng) of GST-NEP were either untreated or incubated with thrombin
(to cleave off the GST) and then subjected to western blot. The presence of uncleaved GST-NEP,
GST alone, and NEP alone were clearly evident indicating that the serum does contain
antibodies against NEP. There were also faint bands in the untreated samples likely
representing GST dimerization products that became much more prominent after cleavage

(discussed further in 2.5).
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Figure 13. Production of recombinant GST-NEP and polyclonal rabbit serum

Samples from purification of GST-NEP from E. coli cell lysate using glutathione Sepharose-
4B are shown with Coomassie blue staining in (A). Eluted fractions 1 and 2 were combined
and dialyzed and then inoculated into rabbits to produce polyclonal serum. In (B) post-
inoculation serum from rabbits #1649 and #1744 were analyzed for reactivity to GST-NEP
treated or not with thrombin. Samples were subjected to western blot with a 1:2,000
dilution of serum. The presence of uncleaved GST-NEP, GST alone, and NEP alone was
evident in the treated samples while only GST-NEP was present in the untreated. The
serum from #1649 was used in all subsequent western blots. The high molecular weight
bands in the treated lanes were likely from GST dimerization. The MW of GST-NEP is 41kD,
GST is 26kD and NEP is 14.4 kD.

42



2.4.2 Genetic engineering of influenza for the expression of tagged NEP

2.4.2.1 Recombinant influenza virus NA-2A-SBP-NEP (N2SN)

The first version of the tagged virus encoded a single 2A sequence and was designated
N2SN (NA-2A-SBP-NEP). The NS1 protein was also tagged with a C-terminal HA sequence to
facilitate detection. Gene segments from the N2SN virus are represented schematically in
Figure 12B. Replicative fitness of theN2SN virus was compared to that of wild-type virus by
western blotting infected cells lysates for the influenza capsid protein M1 twenty-four hours
after infection (Figure 14A). M1 signal was similar between PR8 and N2SN indicating that
replication was comparable for the two strains. In Figure 14B infected cell lysates were blotted
for NEP. Wild-type NEP and NS1 were detected in the PR8 sample. In the N2SN sample SBP-
NEP, NS1-HA, and a high molecular weight band for the uncleaved fusion protein NA-2A-SBP-
NEP were observed. When an IP for SBP was performed on infected cell lysates the fusion
predominated in the eluate (Figure 14C). These results validated our tagging strategy since we
were able to generate replication competent influenza that expressed an N-terminally tagged
NEP. However significant production of fusion protein precluded use of this strain for AP-MS

and necessitated further development to improve the processing efficiency of 2A.
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Figure 14. Western blot of HEK293T cells infected with N2SN virus
A comparison of the influenza capsid protein M1 (MW 28kD) signal in cells infected with

PR8 or N2SN (A) indicates that the recombinant virus replicated similarly to wild-type.
Blotting the same infected cell lysates for NEP showed wild-type NEP and NS1 (MW 26kD)
in the PR8 infection and SBP-NEP, NS1-HA and NA-2A-SBP-NEP fusion (MW 71kD) in the
N2SN infection (B). In (C) samples from an IP for SBP from uninfected, PR8 infected or
N25SN infected cells were western blotted for NEP.
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2.4.2.2 Testing of alternative self-cleaving sequences

Based on work by Kim et al. it is clear that the processing of the self-cleaving peptide
sequences is cell type dependent so we screened variants of 2A from other viruses to see if
they could reduce or eliminate the production of the NA-2A-SBP-NEP fusion protein during
infection. Two other self-cleaving peptides were tested: E2A (from equine rhinitis A virus) and
T2A (from Thoseaasigna virus) while a third, P2A (from porcine teschovirus-1) failed during the
cloning process. The ribosomal skipping is also affected by amino acids N-terminal of the 2A
sequence (Ryan, King, and Thomas 1991) so two different motifs upstream of the 2A sequence
were tested. These motifs were selected based on prior work and had been used to generate
tags on the NS1 protein. One was the HA tag and the other was the C-terminal NS1 sequence
“RSEV”. The last strategy for improving the processing of 2A was repetition of the sequence in
tandem. We reasoned that if the first 2A sequence did not induce skipping then a second or
third repeat may do so. The double tandem version failed to clone so only the triple tandem
repeat was tested. A schematic diagram showing the engineered NS and NA segments for the
2A screening experiment is shown in Figure 15. Restriction sites were introduced to facilitate
rapid exchange of 2A and tag sequences on the NA segment as detailed in 2.3.1. The yellow box

shows the location of the test sequences (HA-2A, T2A, RSEV-2A, E2A, and 32A).

:—’::
N e

Stul Xhol

Figure 15. Recombinant NS and NA segments designed for optimization of 2A and tag
sequences

Restriction sites (Stul and Xhol) were introduced into the recombinant NA segment for the
rapid production of constructs with alternative 2A and tag sequences. The yellow box denoted
with * indicates the placement of the alternative sequences tested in Figure 16.
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These sequences were all screened in biological quadruplicate by producing 4
independent viral stocks and then infecting HEK293T cells. At 20 hours post infection, the cells
were lysed and analyzed by western blotting with anti-NEP polyclonal serum (described in
2.4.1). Since the serum also recognizes NS1, the presence of the NS1 band was used as a proxy
for viral replication. The key objectives for this screen were the detection of NS1 to indicate
functional virus, and the absence of fusion protein. As a negative control the recombinant
segment 6 encoding NA-2A-SBP-NEP was omitted during the viral production step and so bands
(boxed in yellow) detected in these samples represent background (Figure 16A lanes 3-4). In the
positive control PR8 samples both NS1 and NEP were produced. More NS1 is produced during
infection as it is the primary product from segment 8 and the signal intensity of the NS1 band
versus the NEP band was in congruence with this. The HA-2A sequence produced significant
fusion product. The T2A construct did not produce robust infections as the NS1 band was
absent from one replicate (Figure 16A lane 9) and severely attenuated in the other three lanes
(Figure 16A lanes 10-12). Interestingly, simply exchanging the HA motif for RSEV drastically
reduced fusion production (Figure 16B lanes 1-4) demonstrating the importance of sequences
N-terminal to 2A. The triple tandem 2A sequence gave the least amount of fusion (Figure 16B
lanes 5-8) and the E2A sequence was processed with an intermediate efficiency (Figure 16B

lanes 9-12).
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Figure 16. Western blot of self-cleaving peptide variants in infected 293T cells

A series of self-cleaving peptide sequences were compared to 2A. Viruses encoding the
alternate sequences in place of 2A were produced in quadruplicate in the N2SN
background and then used to infect 293T cells. Western blots of cell lysates were probed
for NEP. The -Seg lanes (A3-4) had segment 6 omitted during viral production as a negative
control so the bands in the yellow box represent background.
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2.4.2.3 Recombinant influenza virus NA-32A-SBP-NEP (32A)

Based on the results from the screening of alternative 2A sequences in 2.4.2.2, test
immunopurifications for the E2A and 32A viruses were performed. Cell lysates from HEK293T
cells infected for 20 hours with the N2SN, E2A and 32A viruses were subjected to affinity
purifications of the SBP tag using commercially available streptavidin magnetic beads according
to the procedure detailed in 2.3.7. A western blot of the IP is shown in Figure 17. Two different
exposures (A and B) are presented to illustrate different features. The NS1 band just below
28kD was used to gauge the relative degree of infection in the samples. The N2SN infection was
more robust than the other two and this was likely due to a larger initial inoculum. There has
been no published evidence for an interaction between NS1 and NEP and, as expected, the NS1
band was absent in the E2A and 32A eluates (Figure 17 lanes 8, 9). It is hard to conclude
whether or not NS1 was present in the N2SN eluate. There was a band at 28kD in lane 7 but this
could have been a breakdown product of the fusion. Signal from the fusion protein band just
above 62kD was reduced in the E2A and 32A samples which is consistent with the screening
results presented in Figure 16. The large smear of bands prevalent in the N2SN eluate was
attributed to degradation productions of the fusion protein. The slight shift in relative size
evident between the E2A and 32A fusions in Figure 17 lanes 8, 9 was due to the presence of
two additional 2A sequences (+4 kD) in 32A. SBP-NEP was detected in all of the eluate samples
but only in the input and post-bind from N2SN (Figure 17B lanes 1, 2) and 32A (Figure 17B lanes
5, 6). Interestingly, 32A had essentially no detectable fusion in input and post-bind fractions but
SBP-NEP was observed (Figure 17B lanes 5, 6) while the opposite was true for E2A (Figure 17B
lanes 3, 4). SBP-NEP from the 32A infection was detected as doublet. This is most likely because
two of the three 2A sequences were processed during translation leading to a lower MW
species and a higher MW species (with an N-terminal 2A sequence still attached). See
discussion in 2.5 for more detail. Since the ratio of SBP-NEP to fusion was better in 32A versus

E2A, we proceeded with the 32A virus.
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Figure 17. Western blot of an AP for SBP from cells infected with N2SN, E2A and 32A
viruses

Cells were infected for 20 hours, frozen, then lysed in PBS + 0.5% NP-40 with protease
inhibitors. Cleared lysates were added to M280 streptavidin Dynabeads for 30 minutes on
ice. Beads were washed 4x with lysis buffer and then eluted with 1x LDS sample buffer.
Input, post bind and eluates from the IP were analyzed by western blotting for NEP. Blots
(A) and (B) are two different exposures of the same western blot. The first 6 lanes are input
and post bind samples for N2SN, E2A, and 32A affinity purifications while the last three
lanes are corresponding eluates. The NS and NA segments for the E2A and 32A viruses are
shown in (C).



Immunopurification conditions were examined for the SBP-NEP pulldown by first
comparing two different buffers. The manufacturer recommended buffer for affinity
purifications with M280 Dynabeads is PBS so we compared a PBS buffer with a HEPES buffer
(HB) (formulation detailed in 2.3.7). Duplicate cultures of HEK293T cells were infected with
either PR8 or 32A virus to create a total of 4 samples. Lysis, binding and washing were done in
parallel in the two buffers and the eluates were compared by Coomassie blue staining. In Figure
18A, the first two protein samples are from the HB IP and the other two are from the PBS IP.
Ideally, all proteins interacting with SBP-NEP would be captured with minimal contamination
from non-specific background but in practice there is a tradeoff. The stringency of the IP
conditions must be balanced with the amount of permissible contaminants. Results shown in
Figure 18A indicate that HB allowed too much background binding (lane 1) while the PBS buffer
seemed to only capture a few interactions (lane 4). In an attempt to find middle ground, a
combination of the buffers was tested: the lysis, binding and first wash were performed with
HB or PBS and the second and third washes were performed with the other buffer. The results
from this mixed buffer IP are shown in Figure 18B. Lanes 1 and 2 are eluates from affinity
purifications in HB followed by PBS washes while lanes 3 and 4 are from PBS affinity
purifications with HB washes. Results from Figure 18(A and B) suggest that HB facilitated the
capture of more interactions than PBS. Washing the beads from the HEPES IP with PBS seemed
to remove a number of background interactors in the PR8 IP eluate (lane Al versus B1) while
the protein composition of the 32A eluate was largely maintained (lane A2 versus B2). When
beads were bound in PBS buffer, no significant difference was apparent between the different
washing conditions (lanes A3 and A4 versus B3 and B4). Subsequent affinity purifications were
performed with the mixed buffer procedure (HB bind with PBS wash). Since the capture of
direct interactions was desired, the banding patterns from affinity purifications with or without
a nuclease wash were compared. Benzonase is a pan nuclease with activity across wide ranging
conditions and was added to beads (or not) in the second wash (100U/mL) for 5 minutes. There
was no difference between the banding patterns of the treated versus untreated eluates
detectable by Coomassie blue staining (Figure 18C) and therefore we reasoned that the

majority of the proteins captured were not bridged through DNA or RNA. Last we sought to
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assess the inherent variability in the IP eluates by comparing two sets of affinity purifications in
parallel under the same conditions. In Figure 18D, eluates from the first AP (lanes 1 and 2) had
slightly more total protein and some low MW bands were present in the first PR8 sample
compared to the second PR8 eluate (lane 1 versus 3). Overall the eluates remained relatively
consistent even when compared between different experiments (eg. Figure 18B lanes 1 and 2

compared to Figure 18D lanes 1 and 2).
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Figure 18. Optimization of SBP affinity purification conditions

Lysates from cells infected with either PR8 or 32A virus were subjected to AP for the SBP
tag using M280 streptavidin Dynabeads under different conditions. For each comparison, a
total of four samples were infected (2x PR8 and 2x 32A) and processed in parallel to
minimize variability. Beads were eluted with LDS sample buffer and the entire sample was
separated by SDS-PAGE and stained with Coomassie blue dye. In (A), PBS and HEPES-based
(HB) buffers were compared. In (B), wash buffers were compared. In (C), a 5 minute wash
+/- Benzonase was performed to see if the interactions were bridged by nucleic acids. The
last panel (D) simply compared two sets of affinity purifications under the same conditions
to assess experimental variability. SeeBlue Plus2 was used as the MW marker.
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Proteins in the major bands of the PR8 and 32A AP eluates were identified using mass
spectrometry. Bands were excised from the gel and processed for mass spectrometry analysis
according the procedure in 2.3.9.1. Figure 19A shows which bands were selected for
identification from each sample. Figure 19B shows the most abundant protein identified in each
band. The most prominent band in the 32A AP eluate (band 5) was influenza NP and it
appeared specific. The large excess of NP over SBP-NEP (32A band 7) suggests that whole vVRNPs
were being captured. It has been shown that vVRNP complexes associate tightly with chromatin
to gain preferential access to host nuclear export machinery. This may explain the specific
presence of histones (32A band 8) which are a common contaminant in immunopurifications
(Trinkle-Mulcahy et al. 2008). Also Garcia-Robles et al. found that M1 but not NEP interacted
with histones (Garcia-Robles et al. 2005) and histones have been identified as NEP interactors
by IP-MS using FLAG-tagged NEP (Gorai et al. 2012). Influenza M1 (32A band 6) interacts with
both vVRNPs and NEP and was also specific to the 32A AP. Figure 19, 32A band 4 was influenza
PB2 which interacts with the vVRNP and also with NEP (Brunotte et al. 2014). Aside from
histones (and possibly myosin-10, and spectrin (bands 1 and 2)), angiomotin (band 3) was the
only host protein prominently enriched in the 32A AP.

Angiomotin (AMOT) is a scaffolding protein important for the maintenance of tight
junctions and has also been shown to interact with membranes. Myosin-10 (MYH10) is an
unconventional myosin that can interact with both microtubules and F-actin and is involved in
anchoring of the mitotic spindle. Spectrin (SPTAN1) is a major component of the cell cortex.
AMOT, MYH10 and SPTAN1 could be involved in the budding process since cytoskeletal and
plasma membrane components are important for budding (Avalos, Yu, and Nayak 1997; Nayak,
Hui, and Barman 2004). The PR8 bands 6, 5 and 3 were all components of the pyruvate
dehydrogenase complex and were also present in the 32A AP. PR8 band 2 was also present in
the 32A AP and was identified as bovine serum albumin which was present in high
concentrations in the cell culture medium and was likely carried through the AP procedure. The
major component of PR8 band 4 was a lipoamide acyltransferase component of the
mitochondrial branched-chain alpha-keto acid dehydrogenase complex (DBT). The PR8 bands 3

and 4 were probably present in the 32A eluate as well, but were masked by NP.
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The results in this section show that processing efficiency of the 2A peptide sequence
can be improved by linking multiple copies in tandem. The background in the SBP affinity
purifications was high and persistent despite efforts to optimize the procedure. As a result,
further development was necessary to reduce the background in the control AP and the next

section describes those efforts.

A) o0 < B)
o (|
o on Band PR8 32A
e -1 1.2 1 PRPF8 SPTAN1
— ]
- 2 BSA MYH10
62kD 2 i
— - — ) - 3 PDHB AMOT
a . ::2 5
5 - 4 DBT PB2
— -6
28kD = e 5 PDHA NP
6 PDHB M1
14kD =% aald
38 7 3XFLAG-NEP
-
8 Histones

Figure 19. Identification of major protein bands in the affinity purifications for SBP
Affinity purifications for the SBP tag were performed on infected (PR8 or 32A) HEK293T
cell lysates using the mixed buffer procedure described in 2.4.2.3. Coomassie-stained major
gel bands (indicated by arrows) from the eluates were excised from the gel and subjected
to mass spectrometry. (B) is a list of protein identifications from mass spectrometry
analysis of the correspondingly numbered bands in (A).
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2.4.2.4 Recombinant influenza virus NA-32A-3xFLAG-NEP (32A-3xFLAG)

Based on results presented in 2.4.2.3, a significant portion of 32A AP eluate was either
background or known interactions. To improve the quality of the AP eluates we substituted the
3XFLAG tag for SBP. A western blot of HEK293T cell lysates from 20 hour infections with 32A-
3xFLAG (Figure 20) shows that production of native NEP was abolished and that NEP was
tagged with 3xFLAG in the 32A-3xFLAG virus. The NEP band in the 32A-3xFLAG lane was shifted
higher due to presence of the tag. The NA-32A-3xFLAG-NEP fusion band was significantly
reduced while a more prominent band at approximately 40kD was detected. This intermediate
sized fusion was recognized by both NEP and FLAG antibodies suggesting that it was a
degradation product of the larger fusion protein. In Figure 20B, the same samples were blotted
for FLAG. The 3xFLAG-NEP doublet as well as the fusion products were recognized indicating

the epitope was present in all of these proteins.

We also performed a time course western blot for the influenza capsid protein M1 to
compare the replication kinetics of PR8 and 32A-3xFLAG viruses. For this assay HEK293T cell
cultures were infected with sufficient virus to observe visible CPE within 20 hours (as indicated
in 2.3.7). Samples were obtained at 2 hour intervals for the first 8 hours then at 4 hour intervals
for an additional 16 hours post infection. For both infections the M1 signal was first detected at
12 hours and increased through the 24 hour time point indicating that replication of the 32A-
3xFLAG virus was not impaired (Figure 21A, B). 3xFLAG-NEP was also detected at 12 hours and,
in contrast to M1, appeared to rapidly reach a steady state (Figure 21C). No discernable

difference in FLAG signal intensity was apparent from 12 to 24 hours.

55



A) g B) g
| |
L [
> >
I= o I= 2
e Q < = o0
5 & 9 5 & 9
Fusion —» ~ < Fusion
=62kD =
Fusion degradation - e s < Fusion degradation
—.’ — -
) HE 28kD o 2A-3XFLAG-NEP
2A-3xFLAG-NEP ’ . .'\ 3xFLAG-NEP
NEP—> =
WB: NEP WB: FLAG

C)

& Bl =

Figure 20. Western blot comparison of PR8 and 32A-3xFLAG infected cell lysates
HEK293T cells were infected for 20 hours and then lysed in protein sample buffer.

Equivalent amounts of cell lysate were analyzed by western blot for either NEP (A) or FLAG
(B). The MW of 3xFLAG-NEP is 17.4kD. The NS and NA segments from the 32A-3xFLAG
virus are shown in (C). In (A) the 3xFLAG-NEP signal was predominantly from the higher
MW band in the doublet (indicated by the double arrows).
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Figure 21. Time course Western blot comparison of PR8 and 321-3xFLAG virus

HEK293T cells seeded 20 hours prior in 12 well plates were infected with 10uL PR8 (A) or

50uL 32A-3xFLAG virus (B) for 2 hours. Media was replaced and the first culture was
collected, washed with 1mL PBS then preserved in 150uL LDS sample buffer at -20°C.

Samples from the infected cultures were obtained at the indicated times post infection and

were blotted for either M1 (A) and (B) or FLAG (C). The 24 hour time sample from the
other virus was included in the blots as a control for loading and transfer efficiency.
Samples in (C) are the same as in (B).
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Once we had established that the 32A-3xFLAG virus produced 3xFLAG-NEP during
infection and that it replicated comparably to wild-type PR8 virus, we performed a test IP
(according the procedure detailed in 2.3.8) for FLAG on 32A-3xFLAG infected HEK293T cells.
After infection for 20 hours, cells were lysed in buffer HB with 0.5% TX-100. Lysates were
cleared and supernatants were incubated on Dynabeads-PrG covalently coupled to anti-FLAG
M2 antibodies. After washing, an MgCl, gradient (in binding buffer) was used to elute the
interacting proteins. A final elution in LDS sample buffer was used to remove any proteins left
on the Dynabeads. Figure 22 shows a western blot of samples from the test IP. Lanes 1 and 2
are from input and post bind samples. Decreased signal intensity in the post bind indicates that
the target (3xFLAG-NEP) was being captured from the lysate. The signal from the 40kD fusion
degradation band was not attenuated in the post bind whereas signal from the full fusion band
was decreased. This suggests that the FLAG epitope from the full fusion protein was recognized
by M2 better than FLAG in the intermediate weight fusion. Trace amounts of the higher MW
species of 3xFLAG NEP (likely 2A-3xFLAG-NEP) were detected in the 50mM MgCl, eluate. The
2A-3xFLAG-NEP appears in small amounts in the 100 and 250mM eluates with only a trace
amount of 3xFLAG-NEP (the lower MW band from the doublet). The disproportionate signal
intensities between 2A-3xFLAG-NEP and 3xFLAG-NEP in these eluates and in the input and post
bind may reflect the lower affinity of the M2 antibody for the 3xFLAG with N-terminal 2A
sequence. The interaction of 3xFLAG with the M2 antibody was disrupted with 500mM MgCl,
and substantially abolished with 2.5M MgCl,. A ladder of fuzzy bands was observed in the SB
eluate (Figure 22 lane 8) and it was unclear what these represented. It is possible that the
process used to collect this sample (heating the Dynabeads in SB) altered the way the fusion

products migrated during PAGE.
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Figure 22. Western blot of a FLAG IP from 32A-3xFLAG infected HEK293T cells
HEK293T cells were infected with 32A-3xFLAG virus and immunopurified for FLAG in HB +
0.5% TX-100. Sequential addition of an MgCl; gradient was used for elution followed by
LDS sample buffer (SB). Western was blotted for FLAG.

Immunopurification conditions for 3xFLAG-NEP were established by comparing
detergents and elution conditions. HEK293T cells infected in 15cm plates were lysed in HB with
either 0.1% or 0.5% TX-100 (TX-100 is a manufacturer recommended detergent for
immunopurifications with M2) and bound to anti-FLAG Dynabeads prepared as indicated in
2.3.8. Beads were washed in binding buffer and a gradient of increasing MgCl, concentration
was used to elute the bound proteins. Following the salt gradient, denaturant (Rapigest) and
sample buffer elutions were performed to extract any remaining proteins from the beads.
Figure 23A and B compare 0.1% and 0.5% TX-100, while Figure 23B and C compare
immunopurifications with 0.1% TX-100 from 32A-3xFLAG or PR8 infected cells. This experiment
showed that increasing the amount of TX-100 stabilized many interactions in the 32A-3xFLAG IP

and that the background in the control PR8 IP was low.
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We identified the major bands (humbered arrows) that were present in Figure 23A by
mass spectrometry and the identifications are presented in Figure 23D. SPTAN1 and AMOT
(bands 1 and 2) were present again in the FLAG IP. Histones were also identified as before.
Actin (band 5) was a new host component in the FLAG IP that was not evident in the SBP AP.
The other abundant proteins were all from influenza. NP (band 4) was the most abundant
protein in the FLAG IP just as it was in the SBP AP. PB2 was also present again (band 3). In
contrast to the SBP AP, there was no visible evidence for M1 in the FLAG IP. A small band from
immunoglobulin kappa light chain (band 6) was detected in the sample buffer elution and was

probably shed from M2.

We also performed a side-by-side comparison of FLAG immunopurifications from
uninfected, PR8 infected, or 32A-3xFLAG infected HEK293T cells (Figure 24). In this case cells
were infected and subjected to IP for FLAG as described previously except that the interacting
proteins were eluted with 500mM MgCl, followed by low pH (200mM glycine pH 3), and sample
buffer elutions. The interaction between the FLAG epitope and the M2 antibody is disrupted at
low pH so the glycine elution should have released 3xFLAG-NEP and any interacting proteins
remaining after the high salt elution while contaminants that are non-specifically associating
with the capture complex could have remained bound to the beads. Compared to the SBP AP
(Figure 18), significantly lower background was observed in the FLAG IP (lanes 1, 2, 4, 5, 7, and
8). Both the MgCl, and low pH elutates (lanes 3 and 6) contained a significant number of
interacting proteins. There were also a number of proteins that remained bound to the
captured complex after the glycine elution (lane 9). However the 3xFLAG-NEP band in the LDS
elution (lane 9) was less intense compared to the glycine elution (lane 6) indicating that most of

the 3xFLAG-NEP had already been liberated.
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Figure 23. Coomassie blue stained gels of FLAG IP eluates from different conditions
HEK293T cells were infected for 20 hours with either 32A-3xFLAG or PR8 and then lysed
in buffer HB with 0.1% or 0.5% TX-100. Lysates were subjected to IP for FLAG. Interacting
proteins were eluted with an MgCl; gradient followed by denaturant and LDS sample buffer
(SB) elutions. Eluates (50% of total) were separated by SDS-PAGE and visualized by
Coomassie blue staining. (A) and (B) compare 2 different detergent concentrations (0.5%
and 0.1%) on IPs from cells infected with 32A-3xFLAG virus while (B) and (C) compare IPs
from cells infected with PR8 or 32A-3xFLAG virus. Protein IDs from mass spectrometry
analysis of the correspondingly numbered bands in (A) are shown in (D).
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Figure 24. Coomassie blue gel of FLAG IP eluates from HEK293T cells

HEK293T cells were infected (or not) for 20 hours with either 32A-3xFLAG or PR8 and
then an IP for FLAG was performed on cleared cell lysates in HB + 0.5% TX-100. Beads
were eluted sequentially with 500mM MgClz, 200mM glycine pH 3, and LDS sample buffer.
Proteins in the eluates were separated by SDS-PAGE and visualized by Coomassie blue
staining. Bands were identified based on visual similarity to the bands in Figure 23A.
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2.5 Discussion

In order to comprehensively identify host cell interactors of influenza NEP, we produced
viral strains that express a tagged version of the protein to enable IP-MS experiments. We first
expressed and purified a recombinant GST-NEP fusion from E. coli and then inoculated rabbits
with the fusion in order to generate polyclonal serum. Commercially available antibodies for
NEP did not work well and it was important to be able to reliably detect NEP in infected cells by
western blotting. When purified GST-NEP was incubated with thrombin, the liberated NEP
fragment was detected just below the 14kD marker (Figure 13B). In addition to the expected
proteins (NEP, GST and uncleaved GST-NEP fusion), two higher MW species were also detected
in the thrombin-treated samples. These were mostly likely GST dimerization products. GST has
a well-established propensity to form dimers with equilibrium dissociation values in the sub-
nanomolar range (Fabrini et al. 2009; Ji et al. 1992). After thrombin cleavage free GST may have
dimerized into homo (GST/GST) and heterodimers (GST/GST-NEP). The relative MW of these
species compared to the standard supports this conclusion (52 and 66kD respectively). Protein
samples for SDS-PAGE analysis typically included a reducing agent (50mM DTT), but it is
possible this was mistakenly omitted from these samples. The serum does recognize NEP in
infected cell lysates. Wild-type NEP ran slightly below the 14kD marker (Figure 14B). In some
cases the serum produced significant background but the results were interpretable when
proper controls were included such as uninfected cell lysates (Figure 16). Because NEP and NS1
share N-terminal residues, the serum also recognized NS1. We used this feature to our
advantage since the production of NS1 can be used as a proxy for viral replication and infection.
A strong NS1 band in the westerns indicates robust replication while little or no signal may

indicate less viral activity.

Influenza genomic segment 8 is alternatively spliced to produce two proteins, NS1 and
NEP. In the wild-type arrangement, N-terminally tagging NEP would disrupt NS1 and possibly
splicing as well. A C-terminal tag would likely disrupt the packaging signal that must be
maintained for proper incorporation of the segment into viral particles. To ensure proper

translation of NS1 and abolish production of native NEP, we mutated the splice acceptor site on
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segment 8 (the NS segment). Sequence coding for 2A, the SBP tag and NEP was added to
segment 6 (the NA segment) downstream of NA. Sequence from the 5’ end of segment 6
(160bp) was repeated after 2A-SBP-NEP to ensure packaging signals were intact (influenza gene
segments are negative sense therefore they read 3’ to 5’). Schematic diagrams of the wild-type
and engineered segments for N2SN are presented in Figure 12. By replacing the native pHW-NS
and NA plasmids with pHW-NS1-HAstop and pHW-NA-2A-SBP-NEP, recombinant influenza virus
(N2SN) was generated that produced an SBP-tagged NEP during infection (Figure 14). This first
generation virus validated the engineering strategy and proved that the essential functions of
NEP were maintained in the presence of an N-terminal tag. However, N2SN produced a
preponderance of NA-2A-SBP-NEP fusion protein which was attributed to poor processing of

the 2A peptide.

We tested several new constructs including other self-cleaving peptide sequences for
reduced fusion production (Figure 16). We confirmed that sequence upstream of the 2A
peptide does affect processing efficiency, as viruses encoding the HA-2A and RSEV-2A
sequences produced significantly different amounts of fusion despite having the same 2A and
also having robust viral activity as indicated by the strong NS1 bands (Figure 16A lanes 5, 6, 7, 8
versus B lanes 1, 2, 3, 4). NS1 was absent or attenuated from infection of HEK293T cells with
recombinant T2A virus as was the fusion (Figure 16A lanes 9, 10, 11, 12). This points to impaired
viral fitness and could mean that the T2A sequence does not lead to cleavage. Alternatively,
there may be a nucleic acid sequence motif in T2A that is functionally incompatible with the
viral lifecycle. The T2A sequence failed to yield virus when tested with the 3xFLAG tag as well
(data not shown). E2A virus produced much less fusion (Figure 16B lanes 9, 10, 11, 12) while a
triple-tandem repeat of the 2A peptide (32A) resulted in the most complete processing (Figure

16B lanes 5, 6, 7, 8 and Figure 17).

SBP-NEP from the 32A virus was observed as a doublet rather than as a single band
(Figure 17). We believe this was due to ribosomal skipping on either the second or third 2A
sequence. If the first or second sequences are processed, two or one copies of 2A will remain

appended to the N-terminus of SBP-NEP. In Figure 17B only the one slightly higher MW SBP-
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NEP band predominates in the 32A input and post-bind (lanes 5 and 6) while two bands are
detected in the eluate (lane 9) suggesting that either the first or second 2A sequence led to
skipping most frequently, while the second or third repeat was processed less often. This would
have led to less abundance of the smaller MW SBP-NEP species in infected cells. The
enrichment of the smaller MW SBP-NEP band in the 32A eluate likely reflects a higher affinity
interaction with streptavidin due to the absence of N-terminal 2A sequence. Since the first 2A
repeat had essentially the same upstream sequence as in the N2SN construct, it seems likely
that this one was processed poorly and the second and third sequences produced the bands
observed in the 32A eluate. This is corroborated by the fact that the lower MW band in the 32A
eluate ran at the same size as SBP-NEP from the E2A virus which only had a single E2A
sequence. Infections with 32A seemed to produce more SBP-NEP, less fusion protein and
resulted in cytopathic effects similar to PR8 (data not shown) so this virus was used for further

studies.

Buffer composition can affect protein-protein interactions in unpredictable ways so
affinity purification conditions should be optimized through empirical testing (LaCava et al.
2015). We compered two AP-MS buffers and washes: PBS and HEPES. PBS is an isotonic salt
solution and is the buffer recommended by the bead manufacturer for binding. HEPES, a
zwitterionic buffering molecule whose pKj lies very close to physiological pH, is widely used in
cell culture and for cryopreservation as it provides maximal buffering at the relevant pH range
and across a wide temperature range (Baicu and Taylor 2002; Good et al. 1966). HEPES is also a
common buffer for studying protein interactions (LaCava et al. 2015) and we found that lysis
and binding in HB followed by washing with PBS balanced the capture of many interactors of
SBP-NEP with non-specific background in the PR8 control AP (Figure 18). We also tested
whether or not the presence of Benzonase affected the proteins captured in the AP. Benzonase
digests all forms of nucleic acid to small oligonucleotides 3-5 bases in length and is active in
wide ranging conditions (Liao et al. 2007). No difference in the banding pattern was observed
(Figure 18C) indicating that the interactions captured by the AP were not bridged by DNA or

RNA fragments accessible to Benzonase. We also tested side by side affinity purifications under
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the same conditions to assess the technical variability. There were more proteins in the first set

of AP eluates than in the second but the dominant band pattern was consistent (Figure 18D).

Selected bands from each AP were identified by mass spectrometry (Figure 19). Highly
prominent bands in the PR8 AP were identified as members of the pyruvate dehydrogenase
complex (PDC) and were consistently observed in both eluates as was BSA. The presence of BSA
is readily explained since it was present at high concentrations (100mg/mL) during cell culture
and could be carried through the AP procedure. However it is less clear why PDC members
were so abundant. The PDC is a large multienzyme complex that converts pyruvate to acetyl-
coenzyme A and thereby serves as bridge between glycolysis and the tricarboxylic acid cycle.
Band intensity of the PDC members was independent of the presence of the SBP tag suggesting
that they do not compete for the same interaction site. The PDC was absent from subsequent
immunopurifications using a different Dynabeads capture complex (Figure 24) implying that it

was interacting specifically with streptavidin.

Half of the bands selected for identification in the 32A IP eluate were influenza proteins
and interestingly the most prominent band was NP. NP monomers bind vRNA with high affinity
approximately every 24 bases (approximately 70 copies per gene segment) to form the twisted
anti-parallel double helix structure characteristic of vRNPs (Eisfeld, Neumann, and Kawaoka
2014). The stoichiometric excess apparent between NP and SBP-NEP suggests that entire vRNP
complexes were being isolated. PB2 and M1, also identified, have both been shown to interact
directly with NEP and are associated with vRNPs (Figure 5). AMOT, SPTAN1, MYH10 and
histones were the identified host proteins specifically present in the 32A AP. SPTAN1, MYH10,
and histones have all been identified as common contaminants in Dynabead
immunopurifications (Trinkle-Mulcahy et al. 2008). This leaves AMOT as the single host factor
identified in the 32A IP that was not a common contaminant. Except for histones, these
proteins have not previously been shown to interact with influenza proteins before and have
not been implicated as important for the life cycle (T. Watanabe, Watanabe, and Kawaoka
2010). Based on the results from the SBP AP optimization and mass spectrometry we did not

feel that the SBP tag in combination with the M280 streptavidin Dynabeads was well suited to
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NEP interactome studies. Nearly all of the most prominent bands in the 32A AP were from
either known influenza interactors or were from background contaminants. We believed that
additional optimization with an alternative tag would lead to lower background and result in an

IP better suited to deep exploration of the NEP interactome.

Since the streptavidin AP for SBP contained significant contaminating bands, we
generated a third generation of virus with the 3xFLAG tag. The FLAG epitope has been widely
adopted and numerous commercial reagents are available that target the tag. Since we had
previously included restriction sites for rapid testing of new tag/2A sequences (Figure 15) we
were able to exchange the SBP tag for 3xFLAG. The new 32A-3xFLAG virus was qualitatively
similar to the previous 32A virus. Western blot analysis of 32A-3xFLAG infected cell lysates
indicates that the 3xFLAG-NEP was expressed whereas native NEP was not (Figure 20A). The
band for the full fusion protein was less intense in the 32A-3xFLAG virus but a band of
approximately 40kD was more prevalent and was recognized by both NEP and FLAG antibodies.
This suggests that the NA portion of the fusion was cleaved at a site upstream of the 2A-
3xFLAG-NEP sequence. The background was very low in the western blot for FLAG illustrating

the high specificity of the M2 antibody (Figure 20B).

The titers of the recombinant viruses were lower than PR8 titers in all cases. This is
based on the observation that more recombinant viral supernatant (from the MDCKII cell
amplification step detailed in 2.3.6) was needed to achieve the same CPE produced by PR8. In
order to assess whether the recombinant 32A-3xFLAG virus had replication defects compared
to PR8, we sampled infected cell cultures over time and analyzed them by western blot for
either M1 or FLAG (Figure 21). The kinetics of viral replication appeared similar between the
two strains. M1 signal was detected at 12 hours in both infections and the rate of increase was
comparable as were the final intensities at 24 hours. We concluded that the reduced titers of
the recombinant viruses were not due to impaired replication. In the recombinant viruses NA
had 16 (or more depending on the construct) extra C-terminal residues from 2A. It is probable
that the lower titers are related this extra sequence since the C-terminal tails of NA and HA

impact viral morphology (Chen et al. 2008; Jin et al. 1997). The FLAG signal appeared suddenly
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at 12 hours and did not seem to increase in intensity over time. It is important to note that the
FLAG signal was actually the result of transcription and translation of the NA segment. Trace
amounts of the 40kD fusion protein were detected while the full length fusion was not detected

indicating that the 32A sequence was being processed effectively.

We used the M2 antibody in combination with PrG-Dynabeads for our FLAG
immunopurifications. Streptococcal Protein G (PrG) recognizes immunoglobulins with high
affinity and this property has been exploited in a number of ways (Sjobring, Bjorck, and Kastern
1991). We used commercially available Dynabeads that had been coated with PrG to bind the
M2 antibody and then covalently coupled the PrG-M2 complex with DMP, an amine-reactive 7
atom crosslinking reagent. Crosslinking the PrG-Dynabeads to M2 prevents dissociation of the
antibody-bead complex during the IP procedure and reduces M2 antibody contamination in the
IP eluates. The FLAG IP procedure (described in 2.3.8) was largely the same as that for SBP
except that more cells were used (15cm plate vs. 10cm previously), binding was shortened to
20 minutes and conducted at RT and NP-40 was replaced with Trition X-100 (TX-100). We
previously observed more protein in eluates from affinity purifications in HB (Figure 18B) so we

also used this buffer for the FLAG immunopurifications.

A western blot of a FLAG IP from 32A-3xFLAG infection was performed and reveals
several important features (Figure 22). Depletion of the signal from input to post bind indicates
the target was being captured and immobilized on by the Dynabeads-PrG-M2 capture complex
(Figure 22 lane 1 versus 2). For our 3xFLAG-NEP immunopurifications, an excess of FLAG
epitope over M2 antibody was preferred in order to minimize off-target interactions. This
appeared to be the case since FLAG signal was present after binding (Figure 22 lane 2). We
observed that the 3xFLAG-M2 interaction was mostly maintained in the presence of 100mM
MgCl,, but began to dissociate in 500mM MgCl,, and was substantially disrupted with 2.5M
MgCl,. The signal intensity of bands in the various samples is also informative. The 3xFLAG-NEP
doublet signal was relatively even in the input. However the lower MW band (3xFLAG-NEP) was
depleted in the post bind relative to the slightly higher MW band (2A-3xFLAG-NEP) indicating

that 3xFLAG-NEP without N-terminal 2A sequence was preferentially recognized by M2. This
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conclusion is consistent with the observation that the 2A-3xFLAG-NEP band was also more
intense in the 50 and 100mM MgCl, eluates indicating a weaker interaction with M2.
Interestingly, the high MW fusion (NA-2A-3xFLAG-NEP) was depleted in the post bind while the
40kD fusion was not. Figure 20B indicates that the 40kD fusion band was specific to cells
infected with 32A-3xFLAG so this could mean that, for this species, the 3xFLAG epitope was

sequestered from M2 in solution.

We tested the effect of different detergent concentrations in HB (Figure 23). For
immunopurifications with M2, the manufacturer recommended NP-40 concentration should
not exceed 0.1% so we tried an alternative detergent TX-100 which can be included up to 5%.
We observed a significant increase in the number of proteins recovered in 0.5% TX-100
compared to 0.1% (Figure 23A versus B). We used an MgCl, gradient to separate the eluate into
fractions and bands were excised from the gel for mass spectrometry identification. Influenza
NP was observed in every fraction including the wash (Figure 23A, band 4). As it was in the SBP
AP, the interaction with NP appeared specific since no NP band was present in the control IP
from PR8 infected cells (Figure 23C). A similarly low background was observed in control IPs
from with 0.5% TX-100 (data not shown). PB2 was detected (Figure 23A band 3) but M1 was not
observed in this IP. The M1-NEP interaction may have been stabilized by the presence of NP-40
in the SBP AP. SPTAN1 and AMOT were again identified (bands 1 and 2). These two proteins did
not appear in the 250mM eluate but did in the 500mM eluate suggesting an electrostatic basis
for the interaction. We tested the denaturant Rapigest because 3xFLAG-NEP remained bound
to M2 in 500mM MgCl,. Rapigest is an acid-labile surfactant that is compatible with mass
spectrometry analysis. However the Rapigest elution failed to liberate much of the 3xFLAG-NEP
and did not recover more interacting proteins. The 3xFLAG-M2 interaction was substantially
preserved through the salt and surfactant elutions and was only detected after addition of LDS

sample buffer (band 7).

We performed a side-by-side comparison of immunopurifications from infected (PR8
and 32A-3xFLAG) and uninfected HEK293T cells (Figure 24). We wanted to observe the

background and also to test a low pH glycine elution. Ultimately we were optimizing the IP to
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capture host proteins interacting with NEP for identification by mass spectrometry. It was clear
that many proteins were liberated from the capture complex with 500mM MgCl,, but also that
much of the 3xFLAG-NEP remained bound. We wanted to release 3xFLAG-NEP from M2 to
ensure we identified high-affinity interactors and could have done so with an anionic detergent
like sodium dodecyl sulfate (SDS) but this would have also released background contaminants
interacting non-specifically with the capture complex. Since the FLAG-M2 interaction is
disrupted at low pH we followed the 500mM MgCl, elution with 200mM glycine at pH3. The
low pH elution liberated 3xFLAG-NEP and a number of other proteins (Figure 24 lane 6).
Although both the 500mM MgCl, and the glycine eluates from the 32A-3xFLAG IP contained
substantial amounts of protein, there were still a number of proteins left on the beads as
shown by the LDS eluate. However the band corresponding to 3xFLAG-NEP appeared strongest
in the glycine fraction suggesting that most of the specific host interactors were captured in the
first 2 elutions. A significant number of proteins were observed in the 32A-3xFLAG LDS elution
(Figure 24 lane 9) and it seems paradoxical that less 3xFLAG-NEP was observed. However it
could be that the low pH elution increased non-specific interactions between proteins still
associated with the capture complex after the high salt elution. The intense band in the LDS

eluate in all samples was most likely light-chain from M2.

Ultimately we are seeking new insights into the process of viral infection through the
totality of the host-virus interactome. Rather than identify single interacting host proteins by
Coomassie blue staining, we would like to identify all of the proteins in the NEP
immunopurifications in a high throughput, quantitative manner. Our strategy for doing so, |-
DIRT, requires mixing of control and experimental cell lysates into a single combined IP. As a
result, Coomassie blue staining does not give insight into the quality of the IP. It is, therefore,
highly important to develop optimal IP protocols and conditions as we have done in this

chapter before conducting quantitative proteomics experiments.
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Chapter 3: Influenza NEP Interactome

3.1 Summary

Currently, there is no publicly available set of host protein interactors of NEP isolated
from an active infection. Using a modified version of the I-DIRT technique, we performed
guantitative proteomics studies with the 32A-3xFLAG virus to identify host-virus interactions
during infection. I-DIRT ratios were used to rank the identified proteins according to their
probability of interaction with NEP; however, this approach did not yield a high confidence list
of NEP specific interactors. To determine the subset of host factors interacting with NEP during
infection, we generated a complementary dataset from plasmid expression of 3xFLAG-NEP. A
visual network model was produced incorporating all of the proteomics data, as well as existing
knowledge of interactions curated from the literature, and functional clustering calculated
using the DAVID bioinformatics resource. The network analysis revealed a novel enrichment of

tight junction proteins in the NEP interactome.

3.2 Introduction

High throughput datasets can be analyzed in a variety of ways and specific tools have
been developed to sort, cluster, rank and visualize what would otherwise be a long list of
identifications and values. Biological processes are driven by groups of related genes/proteins
rather than individual actors, and this is the principle behind enrichment analysis of high
throughput datasets. There are a number of different resources such as the Gene Ontology
(GO) project that ascribe biological processes, molecular functions, and cellular localization to
individual gene products, and these resources can be used to examine the relationship between
proteins in a given dataset. The enrichment of annotation terms in an experimental dataset can

also be quantified by comparison to a relevant background using statistical methods. In this
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manner the significance of the enrichment can be assessed (Huang, Sherman, and Lempicki
2009a). Bioinformatics tools have been developed for enrichment analysis of large datasets,
one of which is the Database for Annotation, Visualization and Integrated Discovery (DAVID)
(Dennis et al. 2003; Huang, Sherman, and Lempicki 2009b). DAVID has been successfully applied
in a variety of contexts including proteomics studies of host-pathogen interactions (Brown et al.
2010; Ray et al. 2012; Weekes et al. 2014), and we used the gene function classification tool in
DAVID (Alvord et al. 2007) to identify functionally related groups of genes/proteins enriched in
our IP-MS data. Based on the assumption that genes with similar annotation profiles will be
functionally related to each other, the tool aggregates annotation terms from 14 public
databases into a binary gene-term matrix. The annotation profiles of all gene pairs in the
dataset are then assessed using kappa statistics (a chance-corrected measure of the co-
occurrence of two observations) and genes are clustered based on the kappa values using
heuristic fuzzy multiple-linkage partitioning. This custom method allows genes to participate in
more than one grouping and gave better results than typical approaches like K-means. Once the
optimal number of gene groups has been established, the significance of the functional
representation is calculated from the enrichment scores of the individual annotation terms
associated with each cluster. More specifically, a modified Fisher exact probability (EASE score,
(Hosack et al. 2003)) is calculated for each individual annotation term in the grouping from a
background of all human genes to statistically measure for over-representation. Each cluster’s
enrichment score is taken as the geometric mean of the EASE scores (both significant and
insignificant) for the associated annotations. In this manner, the functional enrichment analysis
is focused on the biological modules represented by the clusters rather than individual

genes/proteins.

Visualization is another way to gain biological insight into large datasets and is also an
important aspect of systems biology approaches (Shannon et al. 2003). Humans are well suited
to discerning patterns from complex visual landscapes so programs like Cytoscape (Shannon et
al. 2003) have been developed to create graphical representations of large amounts of data.
Cytoscape is particularly useful for generating network diagrams that show relationships

between entities through connecting edges and attributes. Nodes in biological networks are
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typically genes or proteins but could also be cells or individuals. Edges represent attributes that
connect nodes such as physical interaction or co-regulation. By layering on additional
information through color, shape, or other visual modalities, data from diverse sources can be
displayed in a single pictorial representation. We used Cytoscape to create a visual model of our

proteomics data which revealed a previously unexplored connection between NEP and tight

junctions.
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3.3 Methods

3.3.1 Stable incorporation of labeled amino acids in cell culture (SILAC)

SILAC cultures were produced with low passage HEK293T cells grown in SILAC DMEM
(Thermo, 89985) supplemented with 10% dialyzed FBS (Cellgro or Thermo Scientific; heat-
inactivated in-house), 1x pencillin/streptomycin, 1x non-essential amino acid solution (Gibco,
11140), 0.398mM heavy L-arginine-HCl (**Cs, °N4), 0.798mM heavy L-lysine-2HCl (**Cs, °N,)
(Cambridge Isotope Laboratories or Sigma-Aldrich), GlutaMAX, and 200ug/ml L-proline (Sigma-
Aldrich) for a minimum of 5 passages. Light 293T cells were produced as above except with the
substitution of L-arginine and L-lysine (Fischer scientific, BP372 and BP386). Cultures were

grown in 10cm plates. Cells were maintained at 37°C and 5% CO,.

3.3.2 Viral I-DIRT Immunopurification

SILAC cultures of HEK293T cells in 10cm dishes at approximately 80% confluency were
infected with sufficient virus to achieve modest CPE within 13 hours (100uL Pr8 (light) or 1mL
32A-3xFLAG (heavy)). Cells were harvested by centrifugation at 13 hours post infection, washed
in ImL PBS, and stored at -20°C. Frozen cell pellets were directly lysed in 800uL lysis/binding
buffer HB (20mM HEPES pH 7.4, 110mM KOAc, 2mM MgCl,, 0.5% Triton X-100 (TX-100)) and 1x
protease inhibitor (Sigma, P8340), and then sonicated for 15 seconds. Following centrifugation
(21,000 x g, 2 minutes), the soluble fraction from one heavy and one light culture was
combined and immediately added to 300uL washed PrG-Dynabeads covalently coupled to anti-
FLAG M2 (Sigma, F3165). Beads were prepared as follows: 600uL washed PrG Dynabeads
(Invitrogen, 10003D) were rotated with 80ug M2 antibody in citrate-phosphate buffer (25mM
citric acid, 50mM Na2P04, pH 5) for 1hr. Bead-antibody complexes were washed in 1mL 0.2M
triethanolamine (TEA) pH 8.2 and then crosslinked with 20mM dimethyl pimelimidate (DMP) in
TEA for 15 minutes. The reaction was stopped by washing in 50mM Tris pH 7.5 for 15 minutes.
The mixed cell lysates were bound for 10 minutes at RT with rotation. Beads were washed 2x in

binding buffer and transferred to a new 1.5mL Eppendorf tube with a 3rd wash. The beads
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were eluted with 500mM MgCl, (50uL) followed by 200mM glycine pH 3 (50uL) with heating at
42°C for 10 minutes.

3.3.3 Immunopurification for FLAG from plasmid expression

HEK293T cells at 75% confluency in 15cm plates were transfected with either 30ug
PACc3XxFLAG-NEP or 10ug pAc3xFLAG-GFP using 80 or 30uL PEl in 2mL OptiMEM. On day 3 post
transfection, cultures were harvested pipetting into a 15mL conical tube. Pelleted cells were
washed with 1mL PBS and froze. Frozen cell pellets were incubated on ice for 10 minutes in
1.6mL buffer HB + 0.5% TX-100 then sonicated for 20 seconds. Following centrifugation (21,000
X g, 2 minutes), the soluble fraction was added to 300uL washed PrG-Dynabeads covalently
coupled to anti-FLAG M2 (Sigma, F3165) prepared as in 2.3.8. Three pellets were combined for
the 3XxFLAG-NEP IP compared to 1 pellet for the 3xFLAG-GFP IP. Lysates were bound for 30
minutes at RT with rotating. Beads were washed 1x in binding buffer, followed by two PBS
washes and transferred to a new 1.5mL Eppendorf tube with a fourth PBS wash. The beads
were eluted with 200mM glycine pH 3 (60uL) with heating at 42°C for 10 minutes followed by
LDS sample buffer.

3.34 Sample preparation for Mass Spectrometry by in solution digest
Eluted proteins were subjected to an in solution digest as follows: 75uL 100mM
NH4(HCO3) pH8.3 (Ambic) was added to 25uL of eluted proteins. 100uL of trifluoroethanol was
added with mixing, followed by 8L tris(2-carboxyethyl) phosphine (200mM) with 30 minutes
incubation at room temperature (RT). Next, 10uL iodoacetamide (250mM) was added with 30
minutes incubation in the dark. Solution was diluted with 1mL Ambic, and proteins were
digested with 1ug trypsin (Promega, V5280) overnight at 37°C. Digests were cleaned up on
Waters Oasis MCX 1cc prepacked columns (Waters, 186000252) as follows. 100uL 10%
trifluoroacetic acid (TFA) was added to each sample. Columns were primed with 800uL
methanol and equilibrated with 800uL 0.1%TFA. Samples were loaded onto the columns
followed by washing with ImL 0.1%TFA, 1mL 80% acetonitrile/20% 0.1%TFA, and 1mL H20.
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Peptides were eluted with 800uL 10%NH40H/90% methanol. All peptide samples were

concentrated in a speed-vacuum and resuspended in 10uL 0.1% formic acid.

3.3.5 Proteomics Data Analysis

Mass spectrometry data acquisition and analysis was performed as detailed in 2.3.9.2.
.RAW files were analyzed with MaxQuant with the Andromeda search engine. The lists of
proteins identified with MaxQuant were filtered to remove contaminants including all keratin
proteins. They were further filtered to remove proteins identified in only one replicate, and also
those proteins identified by only one unique peptide sequence. The gene function classification
tool from the Database for Annotation, Visualization and Integrated Discovery (DAVID) was
used to identify groups of functionally related proteins. The Search Tool for the Retrieval of
Interacting Genes/Proteins (STRING) was used to identify known interactions among the host
proteins identified in the IP-MS data (Franceschini et al. 2013). Cytoscape was used to display

the IP-MS and associated data.
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3.4 Results

34.1 Viral I-DIRT IP-MS

Viral I-DIRT immunopurifications were performed as indicated in 3.3.2. A total of 4
immunopurifications were performed on two separate days using the conditions established in
chapter 2. Coomassie blue stained eluates (50% of the total volume) from the 4 biological
replicates are shown in Figure 25. Samples from the first two biological replicates are shown in
Figure 25A. The eluate from one biological replicate had decreased protein concentrations
compared to the other likely due to a lower concentration of 3xFLAG-NEP in the IP lysate. In
Figure 25B samples of the IP lysates (inputs) and eluates from replicates 3 and 4 are shown. The
remaining 50% of the 500mM MgCl, eluates from both replicates 1 and 2 (Figure 25A) as well as
the remaining 50% of the 500mM MgCl, and glycine eluates from replicates 3 and 4 (Figure
25B) were prepared for mass spectrometry analysis by the in solution digest protocol (3.3.4).
The gel lane from Figure 25A IP-2 was fractionated into 16 sections (11-12 and 13-16 were
combined for mass spectrometry analysis) and prepared with the in gel digest procedure

(2.3.9.1).
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A) B)

MgCl, Glycine LDS Inputs MgCl, Glycine LDS
1 2 1 2 1 2 3 4 3 4 3 4 3 4

62kD =
NP
ACTN
28kD =
3XFLAG-NEP 14kD =
IP: FLAG IP: FLA

Figure 25. Viral I-DIRT immunopurifications

SILAC cultures were infected with either PR8 (light) or 32A-3xFLAG (heavy). Cleared
lysates from the infected cultures were mixed in equal ratio and immunopurified for FLAG.
Beads were eluted sequentially with 500mM MgCl;, 200mM glycine pH 3 with heating at
42°C for 10 minute, and LDS sample buffer. The eluates (50%) were analyzed by SDS-PAGE
with Coomassie blue staining. (A) shows Coomassie blue stained eluates from 2 biological
replicates (1 and 2). (B) shows Coomassie blue stained input samples and eluates from a
repeat experiment with two biological replicates (3 and 4).
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A total of 17 individual mass spectrometry runs (11 gel fractions and 6 in solution
digests) were conducted on an LTQ Orbitrap Velos instrument as detailed in 2.3.9.2. .RAW files
were analyzed using MaxQuant with the Andromeda search engine (summary data of the
analysis shown in Table 3). Replicates were combined to increase statistical power. A combined
total of 184,394 MS/MS spectra were submitted for identification. Of these, 39,173 (21%) were
identified and mapped to 3900 unique peptide sequences. For comparison, the success rate of
MS/MS identification is generally between 10-30% (Houel et al. 2010). This analysis falls
squarely within this range indicating that the underlying mass spectrometry data were of
reasonable quality. The average Andromeda peptide identification score was 112 which is also
in line with published datasets (Geiger et al. 2012). Using a 1% FDR cutoff for peptide and
protein identifications resulted in an overall false positive rate (FPR) for this dataset of <4%. To
establish a false discovery rate (FDR), MaxQuant reverses the protein sequences in the search
database to create a nonsense decoy peptide set that is also queried against the MS/MS
spectra. Scores for both decoy and real peptide/spectra matches are ranked from best to worst.
Peptide identifications are accepted until decoys represent a given percentage of the total
(typically 1%). The FPR was calculated as follows: (2 X Ngecoy) / (Ndecoy + Nreat) Where Ngecoy Was the
number of decoy proteins (11 in this dataset) and n..; was the number of real proteins
identified (576). Based on the reasoning that the number of decoys identified was equal to the
number of false positives present, ngecoy Was doubled. Our FPR is also comparable to published

data (Carpp et al. 2014). All subsequent analyses were performed at the protein level.

79



Table 3. Summary of mass spectrometry data from viral I-DIRT immunopurifications

MS/MS MS/MS MS/MS MS/MS MS/MS MS/MS Identified | Peptide Sequences
Sample ID MS Submitted | Submitted (1SO) [ Identified | Identified (I1SO) | Identified [%] (1S0) [%] Identified

IP(A)-2F1 3169 12096 944 2832 220 23 23 731
IP(A)-2F2 3648 10564 2875 1815 819 17 28 499
IP(A)-2F3 3450 10657 1356 1745 225 16 17 436
IP(A)-2F4 4283 6783 770 1038 139 15 18 268
IP(A)-2F5 3681 8772 1336 2014 335 23 25 587
IP(A)-2F6 4087 7519 1152 1541 238 20 21 429
IP(A)-2F7 2709 13444 2583 2002 362 15 14 285
IP(A)-2F8 3482 9625 1636 2407 372 25 23 430
IP(A)-2F9 2860 13426 1921 2227 396 17 21 178
IP(A)-2F10-13 3520 10781 1346 1585 235 15 17 362
IP(A)-2F14-16 3866 9499 1396 942 209 10 15 235
IP(A)-1MgClI2 3169 11127 2977 1904 660 17 22 352
IP(A)-2MgCl2 2687 13568 2635 4541 621 33 24 1274
IP(B)-3MgClI2 2684 12401 2568 3532 522 28 20 1028
IP(B)-3Glycine | 3198 10182 2380 2023 351 20 15 428
IP(B)-4MgCl2 2725 12460 2297 4215 500 34 22 1139
IP(B)-4Glycine | 2859 11490 2529 2810 517 24 20 631
Average | 3299 10847 1924 2304 395 21 20 547
Standard dev.| 494 1935 700 977 182 6 4 313
Total 56077 184394 32701 39173 6721 21 21 3900

The sample ID corresponds to the labels in Figure 25: IP from (A) or (B), biological
replicate (1, 2, 3, or 4), elution method or gel fraction. Samples from the in gel digest of
IP(A)-2 are designated by their fraction number since the lane was divided into 16 sections
starting with 1 at the bottom. Column 2 indicates the total number of MS1 spectra. Column
3 shows the number of MS2 spectra submitted to the Andromeda search engine. The
designator (ISO) refers to those MS2 spectra detected as isotopic patterns due to SILAC
pairs.

The protein list was filtered to remove common contaminants, decoy proteins, proteins
with fewer than 2 sequences identified, and proteins unique to a single replicate. Proteins
without an assigned H/L ratio were also removed. The remaining 265 proteins are presented in
Table 4. The proteins are in descending order sorted according to their H/L ratio. The list
includes the influenza proteins (bold *) all of which were identified (3xFLAG-NEP/NA, PB2, PB1,
PA, NP, M1, HA, NS1, M2). NP was the second most abundant protein by intensity (behind
ACTB). NS1, M1, and PB2 were all in the top 30 when ranked by intensity followed closely by PA
at 32. The intensity/MW versus H/L was plotted for all proteins in Figure 26. The influenza
proteins are represented by yellow dots. The shaded region represents the area of the chart
where candidate NEP interactors would be located and indicates the region of the graph where

H/L ratios greater than 1 standard deviation would plot. A total of 16 host proteins from our
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dataset met or exceeded this statistical cutoff (red dots) and are shaded in blue in Table 4. As
expected, the protein with the highest H/L ratio was NEP. PA and PB2 were also present in this
group consistent with previously published data as discussed in 1.1.3. ATP5A and ATP5B are
known host interactors of NEP (Gorai et al. 2012). The other host factors in this subset were
commonly identified contaminants except for EPRS, SSRP1, LRRC49 and UNC45A. Overall, the
viral I-DIRT methodology did not yield a distinct separation between stable interactors and
contaminants as we had hoped. Reasons for this are explored further in the discussion in

section 0.

1E+09

1.E+08

1.E+07
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Intensity/MW

1E+05

1.E+04 \ 1

H/L ratio

Figure 26. Normalized intensity versus H/L ratio from the I-DIRT experiment
The intensity of each protein passing the filter criteria was normalized for size by
dividing by MW and then plotted versus H/L ratio on log scales. Shaded area indicates
the region of the graph where H/L ratios are 1 standard deviation greater than the
mean (proteins meeting this statistical threshold are shown with red dots). The
influenza proteins are represented by yellow dots.
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Table 4. Proteins identified in viral I-DIRT immunopurifications and associated data

IP(A) IP(B)

Gene names H/L 1 2 3 4 Intensity | MW [kDa]
3XFLAG-NEP* 4.09 5 18 24 33 2.2E+08 73
CCT3 3.81 5 17 7.2E+07 56
HSPD1 3.46 3 26 1 1.0E+08 61
ATP5A1 3.33 1 9 5.2E+07 60
PHGDH 3.24 2 15 1 8.8E+07 57
ATP5B 3.13 3 24 7.0E+07 57
EIF4A1 2.82 1 20 5.0E+07 46
TCP1 2.58 10 1 2.7E+07 60
TUBA1C 2.37 2 1 1.4E+07 50
EPRS 2.27 1 5 9.5E+06 171
EEF1A1 2.23 10 26 6 10 4.8E+08 50
UNC45A 2.10 2 2 9.9E+06 102
HIST1H3A 1.96 2 4.8E+07 15
HIST2H2BE 1.87 1 1 1 4.3E+07 14
SSRP1 1.80 6 1 1.6E+07 81
LRRC59 1.79 2 1 3 1.0E+07 35
TUBB 1.67 25 121 40 37 2.0E+09 48
PA* 1.64 11 54 6 5 4.4E+08 83
PB2* 1.60 5 92 7 10 5.9E+08 86
XRCC6 1.53 2 31 4 4 1.5E+08 70
XRCC5 1.51 2 19 4 6 9.7E+07 83
RPL37A 1.51 1 2 4.3E+06 8
TUBB4B 1.50 3 11 6 8 1.7E+08 50
NOP2 1.48 1 1 3 7.0E+06 89
RPL7A 1.46 2 7 1 5 5.3E+07 30
TUBBS8 1.46 3 2 1 8.6E+07 50
DYNC1I2 1.46 1 2 4.0E+06 12
CDH2 1.45 3 1 8.0E+06 97
RPL3 1.45 1 7 1 2 3.8E+07 46
H2AFV 1.45 2 1 2 4 1.0E+08 14
PABPC1 1.44 30 1 5 9.1E+07 61
RPS16 1.43 3 1 4.9E+06 16
RPL6 1.42 3 3 2 3.4E+07 33
HIST1H2AA 1.42 3 4 2.4E+08 14
RPL8 1.42 4 4 6.0E+07 22
PCNA 1.42 2 1.7E+06 29
HIST1H2AC 1.42 1 2 3.1E+07 14
RPL13A 1.40 1 2 2.0E+07 24
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RPS18 1.40 1 3 8.3E+06 18
HIST2H3A 1.40 7 3 10 6 3.0E+08 15
RPL18 1.40 3 1 1.3E+07 18
SET 1.39 1 2 1.3E+07 31
RPL7 1.38 2 5 2 3 4.1E+07 24
RPLA 1.38 1 21 1 5 1.2E+08 45
HIST1IHAA 1.38 15 35 33 24 1.9E+09 11
RPLS 1.38 3 5 2 3 4.6E+07 28
RPLPO 1.37 1 6 1 5 4.3E+07 27
RPS24 1.35 1 3 1 2 1.6E+07 15
RPLP2 1.34 6 5 9 10 2.3E+08 12
IRS4 1.34 2 8 2 2 3.3E+07 134
HIST1H2BL 1.32 16 30 22 26 1.6E+09 14
RPL29 1.32 3 4 4 3 6.5E+07 18
PB1* 1.32 13 90 11 13 7.2E+08 87
RPL28 1.32 1 1 1 3 5.7E+06 8

RPS21 1.31 2 2 3 4.7E+07 9

RPL10A 131 1 2 1 3 2.8E+07 25
RPL14 1.31 2 3 2 4 4.4E+07 15
RPLP1 131 5 1 4 3 4.6E+08 12
RPL9 1.30 2 1 1.1E+07 21
RPS12 1.28 7 3 6 12 1.5E+08 15
RPL35 1.28 3 1 8.1E+06 11
RPS19 1.27 2 2 2 2 2.3E+07 16
SLC25A6 1.26 3 1 1 4.8E+06 33
HIST1IH1E 1.26 8 16 19 20 1.0E+09 22
RPS3A 1.26 4 5 3 5 1.2E+08 24
PARP1 1.25 7 32 7 12 2.8E+08 113
HIST2H2AC 1.24 24 19 50 55 5.3E+09 14
RPS8 1.24 1 4 2 4 5.5E+07 22
DOCK?7 1.23 12 1 3.6E+07 238
HIST1H1C 1.23 2 3 3 3 1.7E+08 21
RPS2 1.23 1 4 1 3 2.2E+07 21
CAPRIN1 1.22 2 5 1 2 2.9E+07 77
LUC7L2 1.22 1 3 2 1.2E+07 46
RPS5 1.21 2 3 2 5 5.6E+07 23
RPL30 1.21 1 4 4 3 3.1E+07 13
RPL17 1.20 1 1 4 1.4E+07 21
RPL11 1.20 1 2 3 2 3.3E+07 20
RPL12 1.20 8 3 8 10 1.1E+08 18
RPL13 1.20 3 10 4 7 4.7E+07 24
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RPL19 1.20 1 2 1 3 1.9E+07 23
NP* 1.19 170 974 226 231 2.6E+10 56
RPL31 1.19 2 2 3 4 2.6E+07 13
RPL23 1.19 2 6 4 6 1.2E+08 15
EEF2 1.19 5 1 1 7.5E+06 95
RPL24 1.19 1 2 2 3 2.5E+07 14
SLC25A5 1.18 4 12 6 11 1.4E+08 33
AMOT 1.18 102 421 111 146 1.0E+10 118
RPL23A 1.17 2 3 4 5 7.4E+07 18
RPS25 1.17 2 2 3 3 3.6E+07 14
DHX9 1.16 31 1 3 1.2E+08 141
RPSA 1.16 3 10 5 5 1.5E+08 30
MYH10 1.16 26 88 2 9 7.9E+08 229
FAU 1.16 1 2 1 2 2.2E+07 7

DDX21 1.16 4 16 6 10 7.5E+07 87
RPS7 1.15 4 2 4 5.4E+07 22
ACTG1 1.14 31 42 47 80 1.9E+09 42
GNB2L1 1.14 6 1 1.3E+07 35
RPS17L 1.14 6 1 4 8 8.8E+07 16
RPS11 1.13 1 1 2 1 9.5E+06 18
RPS13 1.13 1 2 1 3 2.8E+07 17
MATR3 1.13 2 7 2 10 8.1E+07 95
RPS10 1.13 2 1 1 1 1.6E+07 19
RPL38 1.12 2 2 1 6.8E+07 8

LMNA 1.12 1 9 3 1.5E+07 63
AMOTL1 1.12 3 4 2 2 1.8E+07 101
RPS20 1.11 3 5 7 5 7.9E+07 13
SF3B1 1.11 2 1 1 5.5E+06 146
MPDZ 1.10 1 16 4.5E+07 208
SLC25A11 1.09 1 2 1 2 1.9E+07 28
TMOD3 1.09 1 7 1 1 5.4E+07 40
DYNLL1 1.08 4 2 3 7 6.6E+07 10
RPL26 1.08 2 1 2 4 2.5E+07 17
HNRNPC 1.08 8 16 9 12 3.0E+08 25
UBC 1.07 5 17 5 9 1.9E+08 14
ACLY 1.07 1 46 1 1.8E+08 120
RPS6 1.07 4 2 7.8E+06 29
RPS3 1.07 3 7 4 3 7.2E+07 27
HNRNPM 1.07 1 19 4 7 9.7E+07 74
ACTAl 1.07 46 10 7 2.1E+09 42
IGF2BP1 1.06 11 1 4 5.8E+07 63
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BANF1 1.06 2 5 6 5.9E+07 10
RPS26 1.05 1 2 2 9.3E+06 13
RPS28 1.05 1 3 6.3E+06 8

CSRP2 1.05 14 7 12 16 2.1E+08 21
MPP5 1.05 2 23 1 6.9E+07 77
ACTBL2 1.05 6 25 12 16 6.0E+09 42
MYL12A 1.04 3 1 1 1.2E+07 20
HSP90AB1 1.04 21 1 5.9E+07 83
ACTB 1.04 144 770 224 313 4.0E+10 42
RPA1 1.02 3 1 1 5.7E+06 68
INADL 1.02 8 1 1.3E+07 130
M1* 1.02 28 63 49 54 2.0E+09 28
ATAD3A 1.01 1 22 2 2 6.2E+07 66
YWHAE 1.00 3 1 8.8E+06 29
ERH 0.99 4 4 4 6.0E+07 12
DEK 0.99 3 1 1.1E+07 43
SSBP1 0.99 1 1 1.0E+07 14
SF3B2 0.98 4 9.6E+06 100
ANK3 0.97 8 1 2.3E+07 111
ELAVL1 0.97 2 1 5.1E+06 36
NACA 0.96 2 3 1 2.8E+07 15
RPS4X 0.95 4 1 1.7E+07 30
MYO6 0.95 1 8 2.4E+07 149
YBX1 0.95 1 4 1 2 2.3E+07 34
SPTAN1 0.95 156 451 92 101 7.5E+09 282
MAP4 0.95 4 12 7 6 1.2E+08 91
SPTBN1 0.94 142 308 78 103 5.6E+09 275
TMPO 0.94 3 4 3 7 6.8E+07 39
RBM14 0.94 1 8 1 1 2.2E+07 69
KIAA1671 0.94 3 12 1 5.0E+07 197
MYL6 0.93 4 4 5 5 1.0E+08 16
CPSF6 0.93 2 2 4.2E+06 52
LIMA1 0.93 32 62 34 37 8.7E+08 85
RPL22 0.93 1 2 2 3 3.0E+07 15
PRPF19 0.93 3 1 2 4.7E+07 28
SNRPN 0.92 2 1 2 1.6E+07 24
PPP1R9B 0.91 5 8 1 4.2E+07 89
RPL27 0.91 2 2 3.0E+06 16
RBMX 0.91 11 5 6 1.5E+08 32
SNRPD3 0.90 2 1 1 1.5E+07 13
HNRNPU 0.89 15 5 5 1.0E+08 83
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PYCR2 0.89 1 5 5 8 7.0E+07 34
SPTANB1 0.89 2 4 2 3 1.1E+08 251
LIN7C 0.89 3 5 2 5.3E+07 22
SRP14 0.89 1 1 2 1.7E+07 13
PPP1CC 0.88 1 3 2 2.4E+07 35
MYH9 0.88 5 32 3 4 1.8E+08 227
AKAP2 0.87 6 22 7 4 1.8E+08 121
ACTN4 0.87 18 45 15 17 3.1E+08 105
HNRNPA3 0.87 2 8 3 4 5.4E+07 34
TPM3 0.86 45 67 35 33 2.0E+09 29
HNRNPK 0.85 6 9 11 17 3.6E+08 51
SYNCRIP 0.85 7 1 1 1.8E+07 59
PLEC 0.84 5 2 1 3.1E+07 513
PYCR1 0.84 4 1 2 1.4E+07 33
STIP1 0.84 6 1 1.2E+07 60
CALD1 0.84 39 6 8 3.6E+08 64
YWHAZ 0.83 1 2 5.0E+06 6

RPS27 0.83 2 3 1.4E+07 9

SRSF1 0.83 1 4 1.8E+07 22
HMGN2 0.82 2 1 1 4.7E+06 9

SPTBN2 0.82 10 50 3 7 2.6E+08 271
EWSR1 0.82 2 3 3 2.8E+07 63
EPB41L2 0.82 9 1.8E+07 113
MTHFD1 0.82 7 1 2 1.4E+07 102
SFPQ 0.82 7 2 3 7.1E+07 76
RBM33 0.82 8 6 3 6.5E+07 100
PCBP2 0.82 1 1 2 9.6E+06 17
FLNA 0.81 52 95 33 48 1.6E+09 280
SERBP1 0.81 6 8 7 5 9.3E+07 42
TPM4 0.81 4 5 3 5 2.5E+07 29
CORO1C 0.81 12 29 13 13 4.3E+08 53
CFL1 0.81 8 8 5 7 4.9E+08 19
CALM1 0.81 1 3 1 1 4.0E+07 17
MYO1C 0.80 3 1 6.3E+06 118
HSPA9 0.80 17 2 3 4.2E+07 72
ALYREF 0.80 3 5 5 7 1.1E+08 27
VIM 0.80 109 254 181 167 1.1E+10 54
TJP1 0.79 19 49 2 6 3.5E+08 187
SNRNP70 0.79 1 2 1.8E+07 20
CKAP2 0.79 3 1 2 9.5E+06 55
LMO7 0.79 20 1 1 6.4E+07 154
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UBAP2L 0.78 7 1.8E+07 103
CHCHD3 0.78 2 2 2 1.2E+07 16
IQGAP1 0.78 18 4.9E+07 189
HNRNPD 0.77 4 1 2.0E+07 13
HNRNPA2B1 0.77 8 24 10 6 2.4E+08 37
NCL 0.77 13 25 19 22 3.1E+08 77
PTBP1 0.77 7 3 7 9.0E+07 57
HSPAS8 0.77 12 66 11 20 5.6E+08 71
DBN1 0.76 46 75 40 50 2.1E+09 71
FUS 0.76 3 10 3 4 9.1E+07 45
CNN3 0.76 17 21 19 21 5.9E+08 36
HNRNPH1 0.76 3 18 2 4 1.1E+08 47
HNRNPA1 0.76 13 17 10 11 3.1E+08 29
MPRIP 0.76 3 25 2 8.6E+07 117
NONO 0.76 8 18 7 10 1.5E+08 54
TIP2 0.75 1 12 1 3.2E+07 130
FLNB 0.75 36 76 14 32 9.0E+08 276
ILF3 0.75 2 14 2 3 4.6E+07 76
SRSF6 0.75 1 1 2.9E+06 38
HNRNPAB 0.75 3 2 2 2.8E+07 30
INA 0.75 5 1 4 3.0E+07 55
DDX5 0.74 33 7 17 2.8E+08 69
HSPA1A 0.73 17 76 15 26 7.0E+08 70
CAPZA1 0.73 3 7 3.4E+07 33
ABLIM1 0.72 5 1 8.8E+06 46
SRSF3 0.72 3 1 3 2 4.2E+07 14
POLDIP3 0.72 10 46 14 12 4.0E+08 46
NEFM 0.72 5 11 1 2 5.1E+07 79
TPM1 0.71 2 2 1 2 2.6E+07 29
GLUD1 0.71 3 1 1 2.3E+07 54
NPM1 0.71 22 31 33 39 2.2E+09 33
DDX3X 0.71 3 13 4 3 1.4E+08 73
HSPAG6 0.70 2 3 2 2 2.7E+07 71
PDLIM7 0.70 4 14 2 4 1.0E+08 50
DNAJA1 0.70 1 11 1 2 4.1E+07 45
HA* 0.69 11 31 1 3.2E+08 63
SRSF7 0.69 3 1 6.0E+06 15
IMMT 0.69 2 21 8 11 1.2E+08 73
SRSF2 0.69 1 2 8.3E+06 23
DDX17 0.68 15 2 3 1.2E+08 80
KPNA2 0.66 5 2 6 5.5E+07 58
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CGN 0.66 1 11 1 3.3E+07 136
HNRNPL 0.66 2 4 1.3E+07 51
PA2G4 0.65 14 1 2.6E+07 42
G3BP1 0.64 2 9 1 2 4.7E+07 52
VDAC1 0.64 2 1 4.5E+06 31
NS1* 0.64 36 101 75 79 3.8E+09 26
PPP1R12A 0.63 4 24 3 3 1.1E+08 109
KHDRBS1 0.63 1 2 1 2.3E+07 48
CFL2 0.63 1 1 1.8E+07 19
DSP 0.62 7 22 7.9E+07 332
M2* 0.61 4 10 6 5 1.1E+08 11
HNRNPH3 0.60 2 1 1.4E+07 15
CORO1B 0.60 4 16 3 3 1.5E+08 54
RAB34 0.60 2 1 1 2 1.5E+07 21
YAP1 0.59 1 7 2.2E+07 48
HSPAS 0.59 3 34 3 8 1.6E+08 72
SUPT16H 0.54 1 2 1 1 8.7E+06 120
SPECC1L 0.46 1 9 4.3E+07 120
DCD 0.39 5 1 1.2E+07 11
S100A9 0.13 1 6 1.4E+07 13
DMD 0.11 2 1 1 8.9E+06 271

Proteins are identified by their official gene symbols. Column 2 displays the H/L ratio

calculated using MaxQuant. Columns 3-6 show the number times the protein was detected

in each sample. Intensity represents the summed signals of all detection events for the

protein.
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3.4.2 FLAG IP with plasmid expression of 3xFLAG-NEP

The large amounts of other influenza proteins present in the viral I-DIRT
immunopurifications confounded the identification of NEP specific interactors so a
complementary proteomics dataset in the absence of other influenza components was
generated. FLAG immunopurifications were performed following expression of 3xFLAG-NEP or a
control (3xFLAG-GFP) in the same cell line used for viral I-DIRT. In this case the mixed buffer IP
procedure described in 2.4.2.3 was used to minimize background interactions. Coomassie blue
stained gels of the eluates for two replicate immunopurifications are shown in Figure 27. The
major band in both control immunopurifications was 3xFLAG-GFP and it ran true to size at
approximately 30kD. For the control IP, it appeared that more 3xFLAG-GFP was recovered in
the second replicate (Figure 27B) while the inverse was true for the 3xFLAG-NEP IPs. An intense
band in the first 3xFLAG-NEP IP (Figure 27A) ran at about 40kD and was likely actin (MW 42kD).
While actin is a common IP contaminant, it is not clear why so much was present in this IP as all
of the other eluates in Figure 27 have only a faint band at this MW including the second
replicate of the 3xFLAG-NEP IP. The 3xFLAG-NEP band just above 14kD was visible in both of the
target immunopurifications though it was recovered better in Figure 27B. Qualitatively the
3xFLAG-NEP immunopurifications contained numerous unique proteins compared to the
control 3xFLAG-GFP IP. Proteins from the glycine eluates only were prepared for mass
spectrometry analysis by both in solution (3.3.4) and in gel (2.3.9.1) digest procedures. Data
acquisition and .RAW processing were performed as previously indicated. Replicates for
3XFLAG-NEP or 3xFLAG-GFP were combined in MaxQuant for analysis. Summary data for this
proteomics dataset are presented in Table 5.

Western blots of the IP samples are shown in Figure 28. The concentration of 3xFLAG-
GFP was much greater than that of 3xFLAG-NEP in their respective lysates. To compensate for
the comparatively low expression level, more cells were used for the 3xFLAG-NEP IP. These
blots also show that 3xFLAG-NEP was being substantially depleted from the lysates since the

target was only faintly observed in the post bind samples (Figure 28A lane 6 and C lane 7).
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Figure 27. 3XxFLAG plasmid expression immunopurifications

HEK293T cells in 15cm plates were transfected with pAc3xFLAG-GFP or pAc3xFLAG-NEP.
Cells were washed and frozen 3 days post transfection. Cell lysates were immunopurified
for FLAG in HB + 0.5% TX-100 followed by washing with PBS. Interacting proteins were
eluted in 200mM glycine pH 3 with heating at 42°C for 10 minutes followed by LDS sample
buffer. The same amount of beads were used for all samples; however, the 3xFLAG-NEP IP
was performed with cells from three 15cm plates in 4.8mL buffer while the 3xFLAG-GFP IP
used cells from one 15cm plate in 1.6mL buffer. Approximately 30% of the eluate was
analyzed by SDS-PAGE with Coomassie blue staining for two replicate immunopurifications
(A) and (B). The MW of 3xFLAG-NEP is 17.4kD and 3xFLAG-GFP is 30kD.
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Figure 28. Western blot of FLAG immunopurifications from plasmid expression
Samples from the immunopurifications shown in Figure 27 were analyzed by western
blotting for FLAG. (A) and (B) present long and short exposures from a western blot of
input, post bind and LDS eluate samples from the IP shown in Figure 27 IP(A). (C) and (D)
show long and short western blot exposures from input and post bind samples from the IP
shown in Figure 27 IP(B).
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Table 5. Summary of mass spectrometry data from immunopurifications of 3xFLAG-

NEP or 3xFLAG-GFP from plasmid expression
MS/MS MS/MS MS/MS Peptide Sequences
Sample ID MS Submitted [ Identified | Identified [%] Identified
IP(A)3xF-GFP 3671 13440 813 6 400
IP(A)3xF-GFP_F1-2 3910 10516 309 3 118
IP(B)3xF-GFP 4054 17826 567 3 147
IP(B)3xF-GFP_F1-3 5378 17596 299 2 71
IP(B)3xF-GFP_F7-9 4226 18473 215 1 46
IP(B)3xF-GFP_F4-7 5691 12380 161 1 48
IP(A)3xF-NEP 2815 13493 2663 20 1462
IP(A)3xF-NEP_F1-4 3206 9794 636 6 328
IP(A)3xF-NEP_F5-7,8 | 1936 14282 2992 21 1319
IP(A)3xF-NEP_F6 2096 13035 1447 11 497
IP(A)3xF-NEP_F9-11 2150 10831 1473 14 703
IP(A)3xF-NEP_F12-14 | 2359 9732 1740 18 788
IP(B)3xF-NEP 4033 16471 2073 13 589
IP(B)3xF-NEP_F1-3 5678 13131 79 1 32
IP(B)3xF-NEP_F4-6 4822 14696 334 2 115
IP(B)3xF-NEP_F7-9 4875 11404 104 1 49
Average | 3806 13569 994 8 420
Standard dev.| 1241 2750 922 7 440
Total 60900 217100 15905 8 6712

The sample ID corresponds to the labels in Figure 27. Column 2 indicates the total number
of MS1 spectra. Column 3 shows the number of MS2 spectra submitted to the Andromeda
search engine.

A total of 126 proteins were identified in the 3xFLAG-GFP immunopurifications and 634
in the 3xFLAG-NEP immunopurifications. In both datasets, FPRs were less than 4%. Filtering
with the same criteria used for the I-DIRT experiment gave working sets of 13 and 98 proteins
respectively. These lists are shown in Table 6 and are ranked by the summed intensity of all
peptide spectra. This dataset had lower percentages of identified MS2 spectra especially for the
control. The total intensities in the control were approximately 2 orders of magnitude lower

than for the 3xFLAG-NEP dataset.
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Table 6. Proteins identified in FLAG immunopurifications from plasmid expression
3xFLAG-NEP 3xFLAG-GFP
Gene symbol IP(A) IP(B) Intensity Gene symbol IP(A) IP(B) Intensity
ACTG1 548 44 3.41E+09 IGK 2 11 1.40E+07
VIM 252 | 122 1.06E+09 VIM 29 1 7.52E+06
ACTA1 63 3 4.75E+08 POLDIP3 6 14 7.13E+06
TUBA1B 160 16 4.13E+08 UBB 3 2 1.90E+06
AMOT 257 72 4.03E+08 HIST1H2BL 4 1 1.30E+06
SPTAN1 454 67 2.91E+08 RPL13 3 3 1.29E+06
TUBB4B 143 16 2.79E+08 TRIM21 2 5 1.23E+06
CORO1C 80 5 2.03E+08 HIST1IH1C 5 3 1.06E+06
SPTBN1 333 | 46 | 2.01E+08 HISTIH2A) 2 2 1.03E+06
TUBB 54 6 1.61E+08 RPL23 4 1 5.43E+05
ATP5B 78 88 1.45E+08 GTSE1 1 2 4.69E+05
3xFLAG-NEP* 23 89 1.34E+08 TMPPE 1 1 2.45E+05
ATP5A1 42 55 9.43E+07
HIST1H2BL 16 8 4.38E+07
ACTB 15 4 4.33E+07
MYH10 151 4 4.23E+07
LIMA1 81 3 4.03E+07
FLNB 123 2 3.85E+07
NPM1 51 1 3.47E+07
UBB 25 1 3.36E+07
FLNA 96 2 2.98E+07
TRIM21 20 24 2.47E+07
HIST1H1C 17 10 2.40E+07
HIST1H2A)J 10 8 2.36E+07
HNRNPA2B1 31 1 2.35E+07
HIST1H4A 17 14 2.18E+07
HSPA8 39 12 1.60E+07
SLC25A5 20 4 1.53E+07
INA 27 6 1.53E+07
MYH9 85 1 1.50E+07
ABLIM1 32 1 1.32E+07
MPP5 37 4 1.17E+07
HNRNPC 17 2 1.16E+07
TJP1 43 5 1.15E+07
RBMX 14 1 1.12E+07
RPL7A 10 2 1.10E+07
EEF1A1 12 5 1.09E+07
CFL1 16 2 9.58E+06
POLDIP3 6 18 9.10E+06




SPTBN2 52 3 8.21E+06
MPDZ 36 2 6.94E+06
HSPA1A 30 4 6.81E+06
DYNLL1 12 1 6.36E+06
INADL 36 2 6.31E+06
SFPQ 19 1 6.03E+06
AKAP2 27 3 5.96E+06
PHGDH 12 1 5.84E+06
MPRIP 33 1 5.44E+06
H3F3A 5 3 5.13E+06
LIN7C 11 2 5.00E+06
NCL 20 1 4.63E+06
ATP50 9 12 4.60E+06
TPM1 6 1 4.44E+06
SPTBN1 4 1 4.25E+06
MYL12A 13 1 3.76E+06
IMMT 17 1 3.68E+06
RPL6 9 1 3.55E+06
LMO7 25 3 3.48E+06
NEFM 12 8 3.14E+06
PLEC 28 6 3.10E+06
RPL7 6 1 2.90E+06
RPL13 11 5 2.81E+06
CHCHD3 10 3 2.62E+06
YAP1 11 2 2.60E+06
AMOTL1 18 4 2.47E+06
ATPS) 1 6 2.38E+06
ATP5F1 2 9 2.36E+06
RPL23 6 1 2.23E+06
CHMP4B 4 1 2.16E+06
SLC25A11 6 1 2.11E+06
RPL12 9 2 1.99E+06
SPTAN1 5 1 1.90E+06
ATP5H 1 6 1.80E+06
ALYREF 4 1 1.76E+06
RBM14 11 2 1.72E+06
DSP 16 1 1.64E+06
RPL23A 5 1 1.50E+06
SLC25A3 4 1 1.38E+06
MAP4 1 5 1.11E+06
HIST1IH1E 1 1 9.21E+05
ATP5C1 1 4 8.56E+05
HSPAG6 1 2 8.30E+05
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HSP90AB1 5 1 8.00E+05
ATPSI 2 7.94E+05
RPL18 5 1 7.74E+05
CHTOP 3 3 7.65E+05
HIST2H2BE 1 1 7.07E+05
RPS8 7 1 6.89E+05
RPL11 4 1 5.78E+05
ERH 2 2 5.31E+05
RPLP2 3 1 5.04E+05
CKAP2 1 4 4.89E+05
RPL29 2 1 4.75E+05
RPL19 5 1 3.88E+05
IGF2BP1 5 1 3.06E+05
RPS11 1 1 2.29E+05

Proteins are identified by their official gene symbols. IP(A) and IP(B) columns display the
number of times a given protein was detected in the sample. Intensity represents the
summed spectral signals of all detection events for the protein.

3.4.3 Gene function classification with DAVID shows an enrichment of
proteins involved in cellular processes important for the viral lifecycle

The protein identifications from the viral I-DIRT IP (Table 4) were uploaded to the DAVID
bioinformatics platform. Using the default settings, the gene function classification tool
returned 13 functionally enriched groups of proteins displayed in Table 7. The major functional
or structural attribute of the grouping is given in italics along with the relative enrichment p
value. In two cases, the defining feature of the grouping was a protein domain (either LIM or

WD40). These functional groups were incorporated into a network analysis (3.4.4).
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Table 7. Enriched functional groups in viral I-DIRT

Translation/ribosome Actin-binding RNA Processing Chrortnat{n
p=71E-67 p = 5.8E-33 p = 1.56-30 Organization
p=3.1E-16
RPL23A RPS20 TPM3 RBM3 HIST2H2Ac
RPL13 RPL14 MPRIP SF3B2 HIST1H2AB
RPS28 RPS7 ABLIM1 SYNCRIP H3F3A
RPL8 RPL19 T™MOD3 HNRNPU HMGN?2
RPS25 RPLP1 CFL2 SFRS6 H2AFZ
RPL12 RPS16 TPM4 HNRNPAB HISTIH1C
RPS26 RPL5 WD40 Domain SFRS3 HIST1H2BL
RPS8 RP138 p = 6.2E-14 HNRNPA2B1 HIST2H2BE
RPL1S RPS27 POLDIP3 H2AFY
RPL23 RPS11 DYNC1I2 HNRNPK HISTIH1E
RPS24 RPL27 CORO1C PTBP1 HIST2H3A
RPS23 RPL27A CORO18B RBM4, RBM14 HISTIH4A
RPL22 FAU GNB2L1 HNRNPH3
RPL6 RPS18 NCL Molecular
RPS12 RPL28 Intermediate SFPQ Chaperone
RPS5 RPLPO Filaments PABPC1 p=2.0E-11
RPS2 RPL26 p=1.2E-11 IGF2BP1
RPS10 | tubules SNRNP70 HSP90AR1
RPL29 p = 3.6E-12 NEFM PCBP2 ATAD3A
RPS21 VIM SFRS7 TCP1
RPL31 TUBB LMNA HNRNPM ACTBL2
RPL30 TUBBS INA SNRPD2 HSPA9
RPL11 TUBALC HNRNPD hspalb
RPL4 TCP1 Cytoskeleton RBMX CCT3
RPL37A TUBB2c p =1.5E-10 SNRPD3 HSPAS
RPS6 SFRS2 HSPAG
RPL35 LIM Domain SPTBN1 FUS HSPAS
RPL17 p=94E-11 SPTBN2 HNRNPH1
RPL7 SPTAN1 MATR3 Helicase
RPS17 ABLIM1 CAPZA1 SFRS1 p=55E-10
RPL3 PDLIM7 LIMA1 CPSF6
RPL10A LIMA1 NONO ATAD3A
RPS13 CSRP2 Tight junctions ELAVL1 DDX3X
RPLP2 p=24E-6 SNRPD1 HNRNPU
rRpsa | Mitochondrial HNRNPL DDX17
RPL13A membrane LIN7C SF3B1 DDX5
RPSAX p=1.7E-7 INADL HNRNPA1 DHX9
RPS3 TIP1 YBX1 EIFAA1
RPS3A CHCHD3 TIP2 Thoc4 G3BP1
RPL9 SLC25A5 CGN HNRNPAO DDX21
RPL7A IMMT AMOTLL HNRNPC
RPS19 SLC25A6 MPP5 HNRNPA3
RPL24 SLC25A11 MPDZ SNRPN
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3.44 Network Analysis in Cytoscape

The two IP datasets, one from viral I-DIRT and one from plasmid expression of 3xFLAG-
NEP, shared 80 proteins which represent the NEP interactome (Table 8). The NEP interactome
was queried against the CRAPome contaminant repository and the percent abundance value,
displayed in Table 8, is the number of experiments in which the protein was observed divided
by the total number of experiments in the database (411). Gorai et al. also used FLAG tag-based
IP-MS to identify 37 host interactors of NEP and 15 of these proteins were present in our NEP
interactome (denoted with * in Table 8). Venn diagrams in Figure 29 depict the number of
overlapping proteins between the different datasets. The significance of the overlap was
calculated using hypergeometric probability (p < 2.6E-26) from a background of 17,000 possible
proteins (the draft human proteome contains 17,294 proteins (Kim et al. 2014) so the total was
rounded down conservatively). The significance of the overlap was robust to the size of the
background and only fell below 0.05 when the total possible protein pool was less than 290.

This result demonstrated congruence with published data.

The two proteomics datasets were combined in Cytoscape to create a network model of
the NEP interactome (Figure 30). Each node, other than the two central nodes which represent
3XFLAG-NEP from the plasmid (left) and viral IPs (right), represents a protein identified in
immunopurifications from virally infected cells. The 80 proteins shared between the two
datasets are colored yellow and represent the NEP interactome. Blue edges show interactions
that have been previously reported between any influenza protein and the host factor curated
from the literature (J. Chen, Huang, and Chen 2010; Demirov et al. 2012; Deng et al. 2006; Han
et al. 2012; Jorba et al. 2008; Liu et al. 2009; Mahmoudian et al. 2009; Mayer et al. 2007; ONeill,
Talon, and Palese 1998; Satterly et al. 2007; Tawaratsumida et al. 2014; Tripathi et al. 2013;
Watanabe et al. 2006; Watanabe et al. 2014). Red edges represent interactions unique to this
dataset. Grey edges are intra-host interactions derived from the STRING database. Edge width
is proportional to the H/L ratio for the virally derived interactions with thicker edges indicating
a higher ratio and thus a more stable interaction. Triangular nodes show those proteins that
have been identified as functionally important for the influenza virus by at least one of 6

genome-wide screens (Brass et al. 2009; Hao et al. 2008; Karlas et al. 2010; Konig et al. 2010;
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Shapira et al. 2009; Sui et al. 2009). The node size indicates the relative abundance of the
protein in the CRAPome. Larger nodes are less prevalent in the CRAPome and are less likely to
be background contaminants. Proteins are clustered based on the DAVID analysis (Table 7).
Nodes from the two structural clusters (LIM and WD40 domain) were moved to the unclustered

group to simplify the visualization and to focus on the functional enrichment in the dataset.

32A-3xFLAG Virus

Plasmid

NEP Interactome
Gorai et. al

Overlap p = 2.6e-26

Figure 29. Venn diagram showing overlap of different NEP interaction datasets
The viral I-DIRT protein set is represented in pink and the set from 3xFLAG-NEP plasmid

expression is green. The NEP interactome is shown in blue and interactors reported by
Gorai et al. are represented by yellow. The intersection of these two is shown in black. The
significance of this overlap is indicated.
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The graph features 3 highly populated groupings (RNA processing, translation, and
unclustered proteins) and 9 smaller clusters. The 97 proteins from the viral IP that did not get
placed into any of the groups by the gene functional classification tool from DAVID are located
in the unclustered group. The two highest scoring functional enrichment clusters are those
related to translation and RNA processing, and many of these interactions have already been
reported (as shown by the predominance of blue edges) indicating congruence with existing
data. These two clusters were also dominated by blue nodes indicating little overlap with the
proteins identified by plasmid expression of 3xFLAG-NEP and suggesting that many of these
interactions are dependent on the presence of the other influenza proteins. There are also a
number of triangular nodes representing pro-viral factors in these two clusters, especially in

RNA processing, indicating that this functional group is highly important for the viral lifecycle.

After visually assessing the 9 smaller clusters in a similar fashion, one grouping in
particular stands out. The tight junction cluster, enlarged in Figure 31, consists of mostly yellow
nodes indicating the interactors were identified in 3xFLAG-NEP IPs in both the presence and
absence of other influenza components. The red edges in the cluster indicate that these host
factors have not previously been identified as influenza interactors. Additionally one of the tight
junction components, AMOTL1, has been implicated as functionally important for viral
replication by siRNA screening (Brass et al. 2009). We used the CRAPome database to assess
the likelihood these 8 factors were contaminants. In Table 8, the NEP interactome proteins
were ranked according to their representation in the database and the five proteins with lowest
representation were all members of the tight junction cluster. A one-tailed t-test between the
number experiments in which all proteins from the database appeared (excluding the eight
tight junction proteins) and the number of experiments in which the 8 tight junction proteins
were detected, yielded a p value of 0.023. This result showed that the tight junction cluster had

a statistically significant low representation in the contaminant repository.

In summary, proteins with the tight junction functional annotation were significantly
enriched in the viral IP-MS dataset and were also identified as NEP interactors in the absence of

other influenza components. The tight junction components identified in this work have not
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previously been reported as directly interacting with influenza proteins, though one has been
identified as a pro-viral host factor by siRNA screening. The statistical analysis discussed above
indicated that they were not likely to be IP contaminants. These results suggested that NEP
could be mediating functionally important interactions with tight junction components during

infection.
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Table 8. NEP interactome: proteins shared between viral I-DIRT and plasmid
expression proteomics datasets

Gene Total Total Gene Total Total

Symbol CRAPome I-DIRT plasmid H/L Symbol  CRAPome I-DIRT  plasmid H/L
AMOTL1 1% 11 22 1.1 RPL6* 42% 9 10 1.4
LIN7C 1% 10 13 0.9 RPL7* 43% 12 7 1.4
MPP5 1% 26 41 1.0 ALYREF 43% 20 5 0.8
INADL 1% 9 38 1.0 HNRNPC 44% 45 19 1.1
MPDZ 1% 17 38 11 RPL18* 46% 4 6 1.4
YAP1 4% 8 13 0.6 |CFL1 48% 28 18 0.8
CHCHD3 1% 7 13 0.8 RPL7A 48% 15 12 1.5
AMOT 5% 780 329 1.2 RPL12* 49% 29 11 1.2
ABLIM1 7% 6 33 0.7 SFPQ 49% 17 20 0.8
AKAP2 8% 39 30 0.9 MYH9 49% 44 86 0.9
LMO7 8% 23 28 0.8 RPL11* 51% 8 5 1.2
MPRIP 9% 30 34 0.8 |ATP5A1* 51% 10 97 33
TIP1 9% 76 48 0.8 RPL19* 51% 7 6 1.2
CKAP2 10% 7 5 0.8 |ATP5B* 51% 27 166 3.1
IMMT 11% 42 18 0.7 RPLP2* 52% 30 4 1.3
SPTBN2 11% 70 55 0.8 RPL13 53% 24 16 1.2
RBM14 13% 11 13 0.9 SLC25A5 54% 33 24 1.2
SLC25A11 13% 6 7 1.1 RPL23A 55% 14 6 1.2
DYNLL1 16% 16 13 11 HIST1H4A 55% 107 31 1.4
LIMA1 18% 165 84 0.9 FLNA 55% 228 98 0.8
POLDIP3 19% 82 24 0.7 HIST1H2BL 55% 94 24 1.3
INA 20% 12 33 0.7 HIST2H2BE 55% 4 2 1.9
NEFM 21% 19 20 0.7 RPS8 55% 11 8 1.2
MAP4 21% 29 6 0.9 RPL23 59% 18 7 1.2
CORO1C 24% 67 85 0.8 NPM1 61% 125 52 0.7
PLEC 27% 8 34 0.8 |VIM* 63% 711 374 0.8
TPM1 27% 7 7 0.7 NCL* 64% 79 21 0.8
IGF2BP1 28% 16 6 1.1 HNRNPA2B1] 64% 48 32 0.8
DSP 31% 29 17 0.6 HSP90AB1 67% 23 6 1.0
TPM3 33% 180 83 0.9 HISTIH1E 73% 63 2 1.3
SPTBN1 35% 631 379 0.9 HIST1H1C* 73% 11 27 1.2
MYL12A 35% 6 14 1.0 |EEF1A1 85% 52 17 2.2
ERH* 36% 13 4 1.0 ACTAl 86% 70 66 1.1
RPS11 37% 5 2 1.1 |ACTG1 88% 200 592 1.1
PHGDH 37% 18 13 3.2 ACTB* 88% 1451 19 1.0
SPTAN1 39% 800 521 0.9 TUBB4B 91% 28 159 1.5
MYH10 40% 125 155 1.2 HSPAG6 92% 9 3 0.7
RBMX 41% 25 15 0.9 |TuBB 93% 223 60 1.7
RPL29 41% 14 3 13 HSPA1A 96% 134 34 0.7
FLNB 42% 158 125 0.8 HSPAS* 96% 109 51 0.8

Proteins are ranked by % representation in the CRAPome. The total detections from each
dataset as well as the H/L ratio are presented in columns 3-5. Members (6 of 8) of the tight
junction functional cluster are in bold. * denotes NEP interactors from Gorai et al. 2012.
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Figure 30. Network representation of IP-MS datasets for 3xFLAG-NEP virus and
3xFLAG-NEP plasmid immunopurifications

Nodes represent proteins identified in the viral I-DIRT IP. Yellow nodes are proteins also
identified in the IP from plasmid expression of 3xFLAG-NEP and represent the NEP
interactome. Node size is indicative of abundance in an IP contaminant database. Larger
nodes are less represented in the database. Triangular nodes have been implicated as
functionally important for influenza. Red edges represent new host-virus interactions
between 3xFLAG-NEP from plasmid expression (left, central hexagonal node) or from viral
expression (right, central hexagonal node) and human proteins. Blue edges represent
published interactions. Edge width is proportional to the H/L peptide ratio (thicker edges
indicate more stable interaction). Grey edges show intra-host interactions from the STRING
database. Node clustering was derived from gene function classification in DAVID. The tight
junction functional cluster (black box) is shown enlarged in Figure 31.
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Figure 31. Expanded view of the tight junction functional cluster

Shown is an enlargement of the tight junction functional cluster inside the black box in
Figure 30. Six of the eight nodes in the tight junction cluster are yellow indicating they were
identified as NEP interactors during infection and also when NEP was expressed alone
from a plasmid. The connecting edges are mostly red indicating these host proteins have
not previously been identified as influenza interactors. AMOTL1 has been identified as pro-
viral by genome-wide siRNA screening.
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3.5 Discussion

The recombinant 32A-3xFLAG virus developed in Chapter 2 was employed in IP-MS
experiments to discover new host factors interacting with NEP. We observed an enrichment of
tight junction proteins in the proteomics data. Other groups have performed IP-MS
experiments on NEP but have not reported an association with tight junction components so
this result is unique to our approach. Reasons for this are probably due to the particular
conditions utilized for the affinity purifications. We used a rapid, 30-minute process that was
designed to capture transient interactors while past studies used extended 18-hour procedures
(Gorai et al. 2012). Additionally, the buffers used for lysis, immunopurification, and washing
were different between the studies and therefore it is not surprising that the set of identified
interactors are also different (LaCava et al. 2015). Overall the mass spectrometry data were of
comparable quality to published datasets as assessed by Andromeda peptide identification
scores, percentage of tandem mass spectrometry identified, and protein FDR. |-DIRT provides a
guantitative assessment of the stability of a bait-prey interaction in the form of a heavy to light
peptide ratio. However, when we analyzed the H/L ratios of the proteins identified in the viral
IP-MS experiment we did not find a convincing enrichment of specific and stable host
interactors. A total of 19 proteins had H/L ratios exceeding the statistical threshold of 1
standard deviation from the mean. In comparison, 9 proteins had ratios less than 1 standard
deviation from the mean and these represented false negatives. Since the heavy and light
proteins were mixed in equal ratios prior to the IP, theoretically H/L ratios less than 1 should
not have been observed. We therefore attributed the false negatives to error in the calculation
of the ratios from the mass spectrometry data. If we assume the number of false positives and
false negatives are equal, this equates to an FPR of 47% (9/19). In addition, many of the

proteins with high H/L ratios are common IP contaminants.

It is likely that multiple factors are contributing to the lack of differentiation between
stable interactors and background. One important consideration is that 3xFLAG-NEP was not
the most abundant protein in the IP. SDS-PAGE analysis as well as mass spectrometry intensity

data indicated that many host and influenza components were present in excess over NEP. As a
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result, the signal from host factors directly interacting with 3xFLAG-NEP may be rather low.
Another factor could be that under the IP conditions used, interactions with NEP may have
been unstable or more dynamic. A more robust examination of alternative buffers, detergents,

and salts may identify conditions better suited for the recovery of transient interactions.

There are a few experimental alterations that could improve detection of stable and
dynamic interactors. One is in the mixing step. In these experiments, mixing occurred after lysis
and this step should be done prior to lysis. The physio-chemical protein environment is
drastically altered during cell breakage leading to non-specific protein-protein interactions. As a
result contaminants may aggregate onto the target even before mixing. This could be one
reason why we observed common contaminants with high H/L ratios. Another has to do with
the immunopurification timeline. I-DIRT experiments must balance IP speed with the amount of
target recovered and we used a 10 minute binding time. Affinity capture experiments using
components interacting with sub-nanomolar K,s may enable shorter binding periods and
increase the H/L ratios of transient interactors. Also performing the I-DIRT experiment with
multiple capture times (i.e. 5, 10 and 20 minutes) may enable the detection of more weakly
interacting proteins since we would expect their ratios to fall with time while ratios for stable
and background interactors should remain relatively unchanged. Lastly, purification conditions
could be altered to improve the detection of specifically interacting proteins. For the I-DIRT IP,
we wanted to maximize the recovery of interacting proteins and therefore opted to wash with
HB. However, previous results indicated that washing with PBS lowered background (Figure 18)
and this may be why more actin was observed in the I-DIRT IPs (Figure 25). Although the I-DIRT
methodology does not use protein abundance to identify contaminants, it is still subject to
signal-to-noise constraints and having a high overall background will impact the ability to detect
enriched H/L ratios. Competitive elution with the 3xFLAG peptide is another way we could have
increased the signal from NEP specific interactors. We did not test this elution condition
because 3xFLAG-NEP was successfully liberated from M2 with low pH. Nonetheless, a 3xFLAG
peptide elution may have been preferable to the sequential high salt, low pH elutions that were

used.
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Although the quantitative aspect of the I-DIRT IP did not yield a compelling list of NEP-
specific interactors, the dataset contains a large number of host-influenza interactions derived
from an active infection. In order to determine the subset of host factors interacting directly
with NEP, we performed an IP-MS experiment without the other influenza proteins present by
expressing 3XFLAG-NEP from a plasmid. We used 3xFLAG-GFP to control for background and
identified 80 host proteins in the 3xFLAG-NEP dataset that were also identified in the viral IP-
MS experiment. These 80 proteins represent the NEP interactome. Other researchers recently
identified host interactors of NEP, also using FLAG IP-MS (Gorai et al. 2012), and 15 of the 37
proteins in that dataset were also present in our NEP interactome: a statistically significant

overlap. This indicates that our NEP interactome is representative of published results.

Ideally large high throughput datasets will accurately represent the underlying biological
processes upon which their collection was based. In our case, we performed IP-MS experiments
that isolated an influenza protein from infected cells and identified many interacting host and
viral components. Therefore we expected that proteins from cellular processes functionally
important for the viral lifecycle would be enriched in our dataset. The gene functional
classification tool from DAVID identified 13 groups of functionally related proteins that were
statistically enriched in our viral IP-MS protein list, and the processes associated with most of

these clusters have in fact been previously identified as important for influenza replication.

The polymerase complex and vVRNPs have previously been shown to associate with
ribosomal and spliceosomal components (Jorba et al. 2008; Mayer et al. 2007; Watanabe et al.
2014), and the two most significantly enriched functional annotation groups were those related
to translation and RNA processing. The large number of triangular nodes in these clusters
highlights the central role these processes play in viral replication (Karlas et al. 2010; T.
Watanabe, Watanabe, and Kawaoka 2010). The presence of chromatin organizing proteins was
explained by the fact that vRNPs tightly associate with cellular chromatin (Takizawa et al. 2006)
to gain access to host export factors (Chase et al. 2011), and that influenza proteins associate
with histones (Garcia-Robles et al. 2005; Zhirnov and Klenk 1997). Four different clusters

related to cellular structural elements reflecting known associations with cytoskeletal
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components (Avalos, Yu, and Nayak 1997; Zhang and Lamb 1996). Structural elements are
important for viral protein translation (Arcangeletti, Pinardi, and Missorini 1997), and assembly
and budding of new virions (Konig et al. 2010; Simpson-Holley et al. 2002). NEP associates with
mitochondrial adenosine triphosphate (ATP) synthase components (ATP5A/B), so the proteins
in the mitochondrial membrane cluster may have represented bridged interactions. Nodes and
connecting edges in the helicase and molecular chaperone clusters were nearly all blue
indicating that these were mostly unique to the viral IP and previously observed. Helicases in
particular have been shown to enhance activity of the viral polymerase complex (Bortz et al.
2011), again demonstrating congruence between processes import for viral replication and
functional enrichment in the dataset. Two of the clusters represented protein domain
enrichments (LIM and WD40). Both domains mediate protein-protein interactions and are
involved in many different cellular processes (Bach 2000; Stirnimann et al. 2010). These clusters
had only 7 unique members (LIMA1 was also grouped in the cytoskeletal cluster), and since we

focused on functional enrichment these clusters were not included in the network visualization.

The final cluster represented an enrichment of proteins associated with cellular tight
junctions. Six of the eight proteins in this group were identified in both IP-MS datasets and had
not been previously known to associate with influenza before. This raised the possibility that
NEP may be physically associating with tight junction components during infection. We used
the CRAPome to assess the likely hood that proteins from the tight junction cluster were
contaminants and found that of all proteins in the NEP interactome these had the lowest
representation in the database. The abundance of the tight junction proteins was also
statistically low in the database suggesting that the functional enrichment observed was not
due to background association. Tight junctions are important cellular structures that establish
cellular polarity and physically isolate the apical and basolateral membranes and are targeted
by numerous viral and bacterial pathogens. Based on these results, we hypothesized that NEP
may be modulating tight junctions during the viral lifecycle and the ensuing chapter presents

results from experiments testing whether or not NEP affects tight junctions.
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Chapter 4: NEP antagonizes tight junction
function

4.1 Summary

Network analysis of the NEP proteomics data revealed an enrichment of tight junction
components in the NEP interactome. We assessed the effect of NEP on tight functioning by
measuring transepithelial electrical resistance and macromolecular diffusion across polarized
cell monolayers. These assays indicate that NEP does impair the barrier function of tight
junctions. We also observed mislocalization of the tight junction protein occludin in the
presence of NEP by immunofluorescence. Tight junctions isolate the basolateral cell surface
from the external environment and enable the establishment of cellular polarity. These results
implicate NEP in the modulation of an important cellular system. How these findings relate to

the viral lifecycle is discussed in Chapter 5.

4.2 Introduction

Specialized intercellular junctions were first observed in the 1950’s when the lens of the
recently invented electron microscope was turned to the study of epithelial tissues (Fawcett
1958; Porter 1956).These early images implicated the junctional structure in cell-cell adhesion
(Hama 1960) and epithelial permeability (Peachey and Rasmussen 1961). Work by Marilyn
Farquhar and George Palade in the early 1960’s demonstrated the tripartite nature of the
junctional complex and established that the barrier function was mediated by the most apical
structure—the zonula occludens or tight junction (Farquhar and Palade 1963). A short time later
images of tight junctions reformed following invasion by Salmonella typhimurium hinted at the
dynamic character of the structure (Takeuchi 1967), a key property that was subsequently

confirmed (Galli et al. 1976; Martinez-Palomo et al. 1980; Staehelin 1973) and is still under
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study today (Capaldo et al. 2014; Sasaki et al. 2003). In 1972, Eberhard Fromter and Jared
Diamond showed that tight junctions regulate ion flux (Fromter and Diamond 1972) and
Diamond subsequently proposed that they serve as a selective gate to the paracellular flux of
ions and solutes. Around this same time, studies on the compositions and properties of the
apical and basolateral surfaces of epithelial cells revealed distinct differences (Fujita et al. 1973;
Lewis et al. 1975; Lewis and Diamond 1976) and this led Diamond to propose an additional

“fence” function for tight junctions in the maintenance of cellular polarity (Diamond 1977).

The physiochemical functions of tight junctions, gate and fence, have been established
for many years, but we now know that these structures are also involved in regulating diverse
processes inside the cell, including cell proliferation (Balda, Garrett, and Matter 2003),
differentiation (Balda and Matter 2000), transcription (Huerta et al. 2007), and immune
responses (Kumar, Liu, and Rice 2012). These regulatory properties are mediated by a host of
adaptor proteins that associate with the cytoplasmic junctional plaque thereby linking tight
junctions to cellular signaling networks (Balda and Matter 2009; Gonzalez-Mariscal et al. 2014;
Schneeberger and Lynch 2004). The specific localization of these adaptor proteins, which
include transcription factors, is also important for their regulatory functions because some cycle
between the apical junction and the nucleus (Balda 2003; Matter and Balda 2007). The diagram
in Figure 32 shows the basic composition of the tight junction complex. The barrier-forming
transmembrane proteins seal the intracellular space and are coordinated through interactions

with scaffolding and adaptor proteins that make up the cytoplasmic plaque.

The pathophysiology of tight junctions has been studied hand-in-hand with their natural
functioning, and pathogens have been implicated in the modulation these important cellular
structures since shortly after their discovery (Takeuchi 1967). Polarized epithelial cells line the
surfaces of our bodies that come into contact with our environment and serve as a first line of
defense against pathogenic invaders. Strategies utilized by both bacteria and viruses to
overcome the epithelial barrier have been examined in some detail (Guttman and Finlay 2009;
Zihni, Balda, and Matter 2014) and include direct interactions with tight junction components

(Sonoda et al. 1999) and indirect disruption by pathogenic effector proteins (Boyle, Brown, and
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Finlay 2006; Simonovic et al. 2001; Viswanathan et al. 2004). Several viruses directly bind to
tight junction components for entry into host cells, including hepatitis C virus (Evans et al.
2007), reovirus (Barton et al. 2001), coxsackie virus (Bergelson et al. 1997), and adenovirus
(Bergelson et al. 1997). SARS-Coronavirus E protein binds the adaptor protein MPP5 leading to
altered tight junctions and epithelial morphology (Teoh et al. 2010). The adenovirus E4-ORF1
protein interacts with several tight junction adaptors through a PDZ domain and these

interactions affect cell polarity and barrier integrity (Latorre et al. 2005).

Given the diverse cellular processes influenced by tight junctions and the central role
these structures play in the maintenance of cell polarity, it is not surprising pathogens have
evolved to target them. The influenza virus is one of the most common causes of respiratory
disease in humans and infections can lead to acute respiratory distress syndrome (ARDS) and
death (Taubenberger and Morens 2008). Severe and fatal cases are characterized by pulmonary
edema from damage to the epithelial barrier and systemic viremia (de Jong et al. 2006). These
pathological outcomes have been primarily attributed to pneumonia from secondary bacterial
infections and hypercytokinemia driven by high viral loads (Brundage and Shanks 2008; de Jong
et al. 2006; Metersky et al. 2012; Z. Wang et al. 2014). However, recent work implicates the
influenza NS1 protein in the disruption of tight junctions through direct interactions with tight
junction adaptor proteins, DIgl and Scribble. The binding is conferred by a PDZ motif (ESEV)
located on the C-terminus of NS1 proteins from highly virulent H5N1 strains (de Jong et al.
2006). Golebiewski et al. found that this association led to mislocalization of tight junction
proteins Lin7C, ZO-1 and occludin (Golebiewski et al. 2011). These results suggest that the
pathophysiology of severe influenza infections may be driven, in part, by the disruption of the
epithelial barrier by NS1. Based on the proteomics work presented in Chapter 3, we
hypothesized that influenza NEP interacts with tight junction components during infection and
this chapter presents data showing that NEP affects tight junction functioning in polarized cell

monolayers.
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Figure 32. Model of the tight junction complex

Tight junctions are composed of transmembrane proteins that bridge the space between
two adjacent cells. CRB3 regulates polarization and apical differentiation. Claudins,
occludin and BVES mediate paracellular permeability while JAM and CAR are essential for
junction integrity. The organization and functioning of the transmembrane proteins are
regulated through interactions with a network of cytoplasmic proteins that localize to the
cytoplasmic plaque. Formation of the cytoplasmic plaque is mediated by scaffolding
proteins that link the transmembrane proteins and associated factors with filamentous
actin. Figure adapted from Zihni et al. 2014.
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4.3 Methods

4.3.1 Lentiviral Production

Lentivirus was produced using standard procedures. First, 75% confluent HEK293T cells
in 6 well plates were transfected using 5uL Mirus LT1 reagent in 200uL OptiMEM with the
following plasmids: 1ug vector encoding a tetracycline responsive (Tet-on) promoter upstream
of either NEP or GFP, 0.75ug psPAX2 encoding gag and pol, and 0.2ug of MD2.G encoding
lentiviral envelope protein. At 24 hours post-transfection, media was replaced with 2mL
cDMEM. At 48 hours post-transfection, supernatant containing lentivirus was cleared by
centrifugation and 1.5mL was added to 75% confluent MDCKII or MDCKI cells. Transduced cells
were grown for two days and then expanded into 10cm plates with either 2 or 4ug/mL
puromycin respectively for selection. Transduced, selected MDCKIlI or MDCKI cells were

identified by the transgene prefix (ie. NEP-MDCKII or GFP-MDCKI).

4.3.2 Fluorescein isothiocyanate (FITC)-inulin Diffusion Assay

After transduction and puromycin selection, cells (150K) were seeded on 12mm,
polyester transwell inserts with 0.4um pores (VWR, #29442-078) with or without doxycycline
(dox), (0.5ug/mL). Cells were grown for varied times (detailed in results) prior to addition of
2mg/mL FITC-inulin (Sigma, F3272-1G) dissolved in growth media. Fluorescence readings were

performed on a SpectraMax plate reader.

4.3.3 Transepithelial electrical resistance (TEER) measurements

TEER measurements were performed on MDCKIl or MDCKI cells grown in transwells as

described in 4.3.2 using a Millipore Millicell-ERS resistance meter.

4.3.4 Immunofluorescence

MDCKI cells were seeded on glass coverslips and grown for 48 hours in the presence or
absence of doxycycline (0.5ug/mL). Cells were fixed with 3.7% formaldehyde for 15 minutes

then permeabilized with 0.1% Triton X-100 for 40 minutes at RT. Cells were blocked with 5%
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BSA, and 0.02% Triton X-100 at 4°C for 4 hours. Alexa-488 conjugated anti-ZO-1 and Alexa-568
conjugated anti-occludin antibodies (Life Technologies, 339188 and 331594) were added at
1:5000 and 1:4000 dilutions in 0.02% Triton X-100 and 0.1% BSA for 16 hours. Cells were
washed 3x in PBS and then mounted on glass slides with SlowFade® Gold Antifade Mountant
with DAPI (Life Technologies, S36939). Cells were imaged using a Delta Vision deconvolution

microscope with an Olympus PlanApo N 60x objective.
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4.4 Results

4.4.1 Transepithelial barrier function in MDCKII cells is impaired by
expression of NEP but not GFP

First the time period for the establishment of barrier integrity in MDCKII cell monolayers
was assessed. Parental MDCKII cells were plated in transwells and FITC-inulin diffusion was
measured at 24, 48, and 72 hours after seeding at two different densities 100,000 and 200,000
(Figure 33A). On day 1, FITC-inulin readily diffuses across the transwell but by day 2, the
monolayers had established junctional integrity. The levels of diffusion were comparable
between days 2 and 3 and between the different seeding densities. The transepithelial
electrical resistance was also measured in transduced but uninduced MDCKII cells (Figure 33B).
The resistance rose from day 1 to day 2, but plateaued thereafter until declining on day 5. This
is consistent with the observations in Figure 33A where a barrier formed between the first and
second days after seeding. Overall the TEER values in these MDCKII cells were low given that

the baseline resistance for a transwell without any cells (blank) was already greater than 100Q2.
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Figure 33. Timeline for the establishment of tight junction integrity in MDCKII cells
(A) MDCKII cells were plated at 100K and 200K/per transwell. At 24 hours post seeding
FITC-inulin was added to two transwell cultures (one from the 100K seeding and one from
the 200K). The well solution was sampled at 2 hour intervals for 8 hours on days 1 and 2
and every 2 hours for 6 hours on day 3. (B) TEER measurements were performed on
uninduced cells or cells expressing GFP or NEP-MDCKII on days1-5 post seeding.
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To measure the effect of NEP on the FITC-inulin diffusion rate, cells were seeded in
transwells and induced to express NEP or GFP (6 replicates each) with 0.5% doxycycline (dox).
FITC-inulin was added to the cultures after 3 days and the well solution was sampled at 4, 8,
and 24 hours (Figure 34A). NEP induction resulted in a roughly 2 fold increase in the amount of
FITC-inulin diffusing through the cell monolayer compared to GFP expression. Cell lysates from
6 different NEP-MDCKII cultures (from 6 different transductions) or GFP-MDCKII cells were

blotted for NEP after doxycycline induction (Figure 34B).
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Figure 34. Induction of NEP expression increases FITC-inulin diffusion versus GFP
expression in MDCKII cells.

(A) GFP and NEP-MDCKII cells (100K) were plated in transwells. At 3 days post seeding
FITC-inulin was added to all cultures and the well solution was sampled at 4, 8, and 24
hours. Values are averages of 6 biological replicates. Error bars represent standard
deviations. The p values were calculated with Student’s t-test. (B) shows a western blot for
NEP from GFP or NEP-MDCKII cells after induction with doxycycline. Samples from 1 GFP
clone and 6 different NEP clones are shown. Clone c5 was used in Figure 34A.
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4.4.2 Tight junction function in high resistance MDCKI cells is impaired by
expression of NEP but not GFP

NEP-MDCKI or GFP-MDCKI cells were used to test whether NEP has an effect on ion
permeability in addition to the observed effect on macromolecular diffusion. The low inherent
electrical resistance of MDCKII cells (Figure 33B) precluded use of TEER assays in that system.
Again baseline measurements were first established in the parental cell line (Figure 35). In
contrast to MDCKII cells the MDCKI monolayers continued to build resistance until reaching a
peak of approximately 8,000Q2 4 days after seeding (Figure 35A). Macromolecular diffusion was
also much more attenuated in MDCKI monolayers as shown in Figure 35B. Next, the effect of
NEP expression on TEER and FITCl-inulin diffusion in MDCKI cells was tested (Figure 36). Five
days after cells were with or without doxycycline to induce expression of NEP or GFP, TEER was
measured. A significant decrease in resistance was observed when NEP-MDCKI cells were
induced to express NEP, whereas expression of a control protein had no effect (Figure 36A).
Increased paracellular flux of FITC-inulin was also observed when NEP was induced, but not

when untransduced parental MDCKI cells were treated with doxycycline (Figure 36B).

Since the previous experiments were all carried out with early induction (cells were
seeded with doxycycline to induce expression before tight junctions formed), the effects of late
expression of NEP were also examined. NEP, GFP or parental MDCKI cells were allowed to
establish tight junctions for 5 days then FITC-inulin was added to all transwells. Twenty-four
hours later doxycycline was added to 2 of 4 transwells from each group. Fluorescence signal in
the well solution was examined 24 hours after induction with doxycycline. The fold change in
the signal between treated and untreated groups is shown in Figure 36C. There was a
significant difference between the NEP and GFP-MDCKI fold changes at 24 hours by Student’s t-
test while the difference between the NEP and parental MDCKI cells was just below significance

(p = 0.054). TEER was measured in this experiment as well but differences were not significant.
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Figure 35. MDCKI cells establish cell monolayers with high resistance and low
permeability
(A) TEER measurements were performed on MDCKI cells treated or not (mock) with

doxycycline (0.5pg/mL). (B) At day 4 post seeding, FITCI-inulin was added to MDCKI cells
or uninduced GFP-MDCKII cells and fluorescence was measured in the well solution at 4
hours and 24 hours. Mock represents background signal in culture medium. All values are
the means of 2 biological replicates. Error bars represent standard deviations.
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Figure 36. Induction of NEP expression increases FITC-inulin diffusion and decreases
TEER in high resistance MDCKI cells

(A) TEER measurement at day 5 post-seeding for NEP or GFP-MDCKI cells +/- dox. (B)
MDCKI cells were seeded in transwells with (NEP and untransduced MDCKI) or without
(NEP only) dox. FITC-inulin was added to the transwells on day 5 and well solution was
assayed for fluorescence at 48 hours. In (C) FITC-inulin was added to all transwells (NEP,
GFP and untransduced MDCKI cells) at 5 days post seeding. Dox was added the following
day to half the cultures and fluorescence signal in the well solutions of treated (n=2) and
untreated (n=2) cultures was measured 24 hours after induction. Data from (A), (B) and
(C) were from independent experiments. All values are the means from two biological
replicates. Error bars indicate standard deviations.
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4.4.3 Tight junction protein occludin is mislocalized when NEP is induced

We used immunofluorescence microscopy to examine the cellular localization of tight
junction proteins ZO-1 and occludin. GFP-MDCKI or NEP-MDCKI cells were grown with or
without doxycycline, then fixed and stained (Figure 37). Normal localization along the cell
boundaries was observed for both ZO-1 and occludin in the absence of doxycycline (Figure
37A). The staining patterns remained normal when the MDCKI cells were induced to express

GFP (Figure 37B) but occludin puncta on the cellular interior were detected when NEP was

induced.
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Figure 37. Tight junction protein occludin is mislocalized in the presence of NEP
expression
GFP or NEP-MDCKII were grown for 4 days on glass coverslips +/-dox then fixed and

stained for Z0O-1, occludin, or DNA. Top section (A) shows staining under growth conditions
without doxycycline, and Z0-1 and occludin show typical localization. In (B) the
localization of ZO-1 and occludin were unchanged by GFP expression. However when NEP
was induced, occludin was mislocalized to large round structures in the cellular interior
(white arrows). White scale bars in the merged images represent 15uM. Panels showing
occludin staining are enlarged in Figure 38.
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B)

Percentage of cells with occludin puncta

1 2 3 4 5 Ave Total cells
NEP-MDCKI | 16% | 13% | 14% | 16% | 13% | 14% 152
GFP-MDCKI| 0% | 0% | 6% | 0% | 7% | 2% 107
p <0.001

Figure 38. High contrast enlargement of occludin staining in induced GFP or NEP-

MDCKI cells

Higher contrast images from Figure 37B showing occludin localization in induced GFP or
NEP-MDCKI cells were enlarged to highlight occludin puncta. Occludin puncta in 5 separate
image panels from induced GFP or NEP-MDCKI cells were quantified. Values reported in
(B) are the percentage of cells in each panel containing occludin puncta. The p value was
calculated using Student’s t-test. White scale bars represent 15uM.
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4.5 Discussion

This chapter presents results from experiments that tested for an effect of NEP on tight
junction function. Tight junctions form a dynamic barrier between epithelial cells that line the
respiratory and gastrointestinal tracts and influenza infects each of these systems in different
hosts (humans and birds respectively). The integrity of the barrier can be assessed by
measuring the resistance to ion flow and also the flux of macromolecules using cultured cells
that form polarized monolayers. Madine-Darby canine kidney (MDCK) cells are one of the most
commonly used cell lines for studying tight junctions and characterization of their epithelial
properties spans 4 decades beginning in the 1970’s and continuing today (Cereijido et al. 1978;
Lu, Stewart, and Wilson 2015; Misfeldt, Hamamoto, and Pitelka 1976). Two human colon
carcinoma cell lines, Caco-2 (Hidalgo, Raub, and Borchardt 1989) and T84 (Dharmsathaphorn et
al. 1984) are also widely used, but we opted for the MDCK line because it has been established
that influenza replicates and buds efficiently in these cells (Tobita et al. 1975). Interestingly
there are two different MDCK cell lines that differ markedly in their barrier properties and both
were used in this work (Stevenson et al. 1988). MDCKI cell monolayers exhibit much higher
transepithelial electrical resistance than do those of MDCKII cells due to the differential

expression of claudin proteins (Furuse et al. 2001).

The functional integrity of tight junctions is typically measured in two ways: resistance to
ion flow (TEER) and paracellular flux of macromolecules. Measurements are conducted in
transwells which suspend a semipermeable membrane in growth media to facilitate
polarization. This situation mimics in vivo conditions by allowing both the apical and basolateral
surfaces to contact the culture solution. Since the apical face is physically isolated from the
basolateral face by the structure of the transwell, ions or macromolecules must travel through
the monolayer to reach the other side. In this manner the resistance of the monolayer can be
measured by placing electrodes in the apical and basolateral culture solutions, and paracellular
flux can be monitored by sampling the basolateral solution after adding inert tracer

macromolecules to the apical side.
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We first established a timeline for barrier formation in MDCKII cells and found that by the
third day after seeding, the monolayers had formed tight junctions that impede the paracellular
flux of inulin (a plant-derived fructofuranose polysaccharide that is not metabolized by humans
(André et al. 1996) and is widely used to study tight junctions) coupled to a fluorescent
molecule (FITC) (Figure 33A). The inulin used in our experiments had a molecular weight range
of 2,000 to 5,000 daltons. In order to test for an effect of NEP on tight junctions we transduced
MDCKII cells with lentivirus to produce cell lines with doxycycline-inducible expression of either
GFP or NEP. We observed increased flux of FITC-inulin across the NEP-MDCKII monolayers
compared to the control GFP-MDCKIl monolayers when the cells were cultured with

doxycycline indicating that expression of NEP decreased barrier integrity (Figure 34).

We also wanted to compare ion flow measurements between monolayers of cells
expressing NEP or GFP but the MDCKII cells do not establish barriers with high resistance
(Figure 33B) so we used lentivirus to generate transgenic MDCKI cell lines. MDCKI cell
monolayers reached maximal resistance by the fourth day after seeding in transwells, and the
junction integrity was not affected by the presence of doxycycline (Figure 35A). The resistance
levels of the MDCKI cells have been reported to be 30-60 times greater than levels in MDCKII
cells (Stevenson et al. 1988) and our observations fall squarely in this range (Figure 33B versus
Figure 35A). We also observed significantly lower rates of FITC-inulin flux in the MDCKI cell line
compared to the MDCKII cell line (Figure 35B). We measured the TEER of NEP and GFP-MDCKI
cell monolayers grown for 5 days both with and without doxycycline and observed a significant
decrease in resistance when NEP was expressed but not when GFP was expressed (Figure 36A).
We also observed a significant increase in the paracellular flux of FITC-inulin when the NEP-
MDCKI cells were cultured with doxycycline but not when the parental MDCKI cells were grown
with doxycycline (Figure 36B). These results indicate that the specific induction of NEP
expression led to decreased monolayer resistance and increased permeability. We also
assessed whether late expression of NEP after tight junctions had already formed would affect
the barrier properties. We observed a significant increase in FITC-inulin flux through the NEP-
MDCKI cells with late addition of doxycycline compared to GFP-MDCKI cells but not compared

to the parental MDCKI cells (though the result was just outside the significance threshold of p =
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0.050). TEER was also measured after late addition of doxycycline but no significant difference
was detected. This might due to the lower sensitivity of the TEER assay which utilizes a single,
instantaneous measurement, compared to the diffusion assay which measures the

accumulation of signal over time.

It is important to note that TEER and FITC-inulin flux measure distinct properties of tight
junctions that can be independently regulated. Balda et al. observed seemingly paradoxical
results after a mutant version of occludin was expressed in MDCKII cells—increased flux and
increased TEER (Balda et al. 1996). Hasegawa et al. observed the same phenomenon after Rho
activation in MDCKII cells (Hasegawa et al. 1999). Subsequent studies have shown altered TEER
but unchanged paracellular flux when claudin levels are varied in MDCK cells (Amasheh et al.
2002; Van ltallie, Rahner, and Anderson 2001). Furthermore TEER is an instantaneous
measurement while paracellular flux measures the accumulation of tracer molecules overtime.
As a result, the magnitude of the differences in the measurements can be quite large as we
observed in Figure 36A versus B. Importantly, the differences in TEER and flux in this work are
comparable to published data. Golebiewski et al. observed a decrease in TEER of approximately
20% between control and experimental conditions (Figure 39A) while we measured a decrease
of 18% when NEP was expressed in MDCKI cells Figure 36A. Similarly for FITC-inulin flux,
Golebiewski et al. reported an increase of approximately 150% between control and

experimental samples (Figure 39B) and we observed an increase of 100% (Figure 34).
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Figure 39. TEER and FITC-inulin diffusion in infected monolayers from Golebiewski
etal. 2011

In (A) Golebiewski et al. observed an approximately 20% decrease in resistance in
monolayers of MDCK cells infected with an influenza strain expressing NS1 variant ESEV
compared to controls (Mock infected and strain ESEA) while flux increased approximately
150% between the control and experimental conditions (B).

After it was established that expression of NEP had an effect on tight junction function,
we analyzed the localization of tight junction proteins ZO-1 and occludin by
immunofluorescence. ZO-1 is a scaffolding protein essential for tight junction formation
(Stevenson et al. 1986), and occludin is a transmembrane protein that influences barrier
properties (Furuse et al. 1993). ZO-1 links occludin to the actin cytoskeleton (Fanning et al.
1998) and both proteins are used to visually assess tight junction integrity by
immunofluorescence microscopy (Golebiewski et al. 2011). When we stained NEP or GFP-

MDCKI cells for ZO-1 we did not observe any difference between cells grown with or without
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doxycycline (Figure 37). However, we did observe large diffuse occludin puncta in some of the
NEP-MDCKI cells grown with doxycycline. The panels showing occludin localization in Figure 37B
were enlarged with increased contrast for better visualization in Figure 38A. We compared the
percentage of NEP-MDCKI cells with occludin puncta to the control cells and found a significant
difference (Figure 38B). The overall rate of puncta observed was somewhat low at 14% of
MDCKI cells expressing NEP and this may be due to heterogeneous expression levels in the cell
line. Variable levels of expression were observed for the transgenic NEP and GFP-MDCK cell
lines both by western blot (Figure 34B) and visually by fluorescence microscopy (data not
shown). After induction, the fluorescence of GFP-MDCK cultures was patchy with some cells
producing only low levels of GFP while others produced high amounts. It seems likely that the
expression of NEP followed a similar pattern. However, we were not able to successfully

visualize NEP by immunofluorescence so this remains unconfirmed.

In sum, the results from our TEER and paracellular flux assays indicate that NEP altered
the barrier properties of tight junctions and that the magnitudes of the observed effects were
comparable to those in published reports. We also observed differential localization of the tight
junction protein occludin between MDCKI cells expressing NEP and GFP and it is possible that
this mislocalization led to altered barrier properties. Further discussion of these results in the
context of the viral lifecycle as well as interesting directions for future studies are presented in

Chapter 5.
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Chapter 5: Perspectives

5.1 Lessons from the study of host interactors of NEP

The study of host-pathogen interactions is central to the development of new
therapeutic strategies. This principle is embodied in the title of a recent publication “Influenza
Virus-Host Interactome Screen as a Platform for Anitviral Drug Development” (Watanabe et al.
2014). In that work, researchers performed IP-MS with FLAG-tagged influenza proteins
expressed from plasmids to identify host interactors. Functional assays were subsequently used
to determine which of the interacting host factors were functionally important for viral
replication, and pharmaceutical targeting of several host factors led to reduced viral replication.
However there are some limitations to the study. Importantly, the interactions were not
interrogated during an active infection. The cellular state is drastically altered during infection
(Huang et al. 2001; Jovanovic et al. 2015), and it is likely that some interactions will only occur
during active viral replication. Ideally, chemotherapies would target interactions unique to

infected cells to minimize effects on normal functioning.

Studying host-pathogen interactions during active infection is a challenging endeavor.
There have been numerous studies, including many referenced in this work, that have
identified interactions between pathogens and their hosts, but only a handful of these studies
have been conducted during an active infection. Reasons for this range from the additional
precautions that must be taken when experimenting with infectious agents to the difficulties
associated with genetically modifying viral genomes. Researchers who used IP-MS to study host
interactions with the influenza polymerase complex stated that “[a]n optimal experimental
design would be to rescue viruses in which affinity purification tags have been introduced into
the polymerase subunits. However, such genetic modifications led repetitively to lethal virus
phenotypes (data not shown)” (Jorba et al. 2008). Instead, they relied on plasmid-based

expression of tagged polymerase proteins—a suboptimal, non-infectious context.
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We overcame several hurdles in the development of viruses that express tagged NEP
during infection. Early attempts to tag NEP on the NS segment met with failure, and led us to
place the entire coding sequence of tagged NEP on the NA segment. This enabled the rescue of
viruses encoding tagged NEP and represented a significant milestone because it was not known
at the outset whether a tag would be functionally compatible with NEP’s essential roles in the
viral lifecycle. After establishing a viable tagging strategy, we had to re-engineer different
aspects of the recombinant virus for IP-MS studies. Our final construct, the 32A-3xFLAG virus,
featured an N-terminal 3xFLAG-tag on NEP and a triple-tandem repetition of the 2A self-

cleaving peptide sequence (2.4.2.4).

Obtaining consistent results from IP-MS was also challenging. There are many steps in
an IP-MS experiment, from growth and infection of cells through data acquisition and analysis
that can each inject variability into the final output. We used several different strategies to
control for variability but ultimately the quality of the IP-MS results will be a direct reflection of
the consistency of the entire procedure. Thus optimization work prior to execution of the IP-MS
experiment is highly important. We noticed greater consistency (albeit higher background)
between SBP affinity purifications compared to FLAG and this was probably because the
streptavidin-Dynabeads are commercially prepared while the anti-FLAG beads were prepared
prior to each IP. Coupling anti-FLAG M2 to the PrG-Dynabeads is a multi-step process subject to
batch variations (both the antibody and beads) and experimental variation in the procedure.
Simplifying the overall procedure would help minimize variability. It is also highly important to
minimize the background in the IP and to maximize the signal from the biologically relevant
interactors. One way to accomplish this is using competitive elution, and the signal from NEP
specific interactors might have been increased by eluting with FLAG peptide as opposed to

high-salt and low pH.

Once new host interactors have been identified by IP-MS, it can be difficult to prioritize
candidates for additional studies. To address this issue we used I-DIRT to rank identified host
interactors by their H/L peptide ratios (a quantitative measure of the stability of their

interaction with NEP) and we conducted follow-up studies on an interaction with EEF1A1.
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Despite the fact that EEF1A1 was among the 16 host factors with high H/L ratios we were not
able to conclusively show an interaction specifically with NEP using co-IP (data not shown). It
remains possible that NEP and EEF1A1 do interact in vivo. In our case, integrating published
data and a functional enrichment analysis proved helpful in identifying avenues for further

study.

In general we found it difficult to express NEP in mammalian cells. Transfection of
HEK293T cells with plasmid encoding native NEP did not result in detectable levels of
expression (data not shown). Placing N-terminal tags on NEP such as 3xFLAG improved
production but expression levels remained attenuated compared to 3xFLAG-GFP (Figure 28).
Based on our experience with plasmid expression in HEK293T cells, we used lentivirus for NEP
expression in MDCK cells, and again observed low expression levels compared to GFP (data not
shown). In retrospect, inclusion of the N-terminal 3xFLAG tag might have increased expression

levels and facilitated detection of NEP by immunofluorescence microscopy.

5.2 Potential roles for tight junctions in the influenza lifecycle

In wild birds influenza is a disease of the gastrointestinal tract and in humans the virus
causes respiratory disease. In both cases it must invade, replicate in, and bud from polarized
epithelial cells. Therefore it is probable that the virus utilizes cellular processes and features
common to these cell types. All polarized epithelial cells maintain distinct apical and basolateral
surfaces through the formation of tight junctions between neighboring cells. The resulting
barrier effectively isolates the basolateral membrane from the external milieu. Numerous
studies have demonstrated that this barrier is compromised as result of infection by both
bacterial and viral pathogens that enter and exit through epithelial cells (discussed in 4.2). In
the case of influenza, severe infections are characterized by disruption of the respiratory
epithelium that results in fluid accumulation in the lungs and viral dissemination to other
tissues. The body of work presented in this thesis, as well as recent studies by other
researchers, suggest that the integrity of the epithelial barrier may be directly modulated by

the influenza virus through interactions with tight junction components.

130



Why would altered tight junctions benefit the virus? Golebewski et al. (2011) proposed
that the disruption of tight junctions and cell polarity are likely to enhance “viral replication,
dissemination in the host, or spread to other hosts”, and it has been known for many years that
tight junctions are not essential for budding (Rodriguez-Boulan, Paskiet, and Sabatini 1983).
Tight junction disruption may provide access to lipids or other biomolecules sequestered in the
basolateral membrane. It could also alter the curvature or other physical characteristics of the
cell to favor budding. However these arguments are not entirely satisfying because during a
natural infection, influenza components localize specifically to the apical surface in preparation
for budding and the ensuing release of new virions into the environment enables dissemination
to a new host thereby perpetuating the viral lifecycle. In this light, the maintenance of polarity
would seem to favor the assembly and budding process. It is also important to consider that the
tight junction complex is involved in the regulation of a number of cellular processes in addition
to barrier maintenance (discussed in 4.2). Influenza may, in fact, be targeting one of these other
pathways and the observed effects on tight junction integrity may actually be a secondary

outcome of this modulation.

The tight junction complex also serves as a location beacon for the trafficking of cellular
components to and from the apical plasma membrane. Numerous proteins involved in vesicular
trafficking localize to tight junctions including members of the Rab family of guanosine
triphosphatases (GTPases), exocyst proteins and SNARE (Soluble N-ethylmaleimide-sensitive
factor Associated REceptor) components (Grindstaff et al. 1998; Kohler, Louvard, and Zahraoui
2004; Naydenov et al. 2012). These proteins help to sort, target, and release cargos that arrive
and depart from the apical-basolateral interface (Kéhler and Zahraoui 2005). Some of these
cargos are components of the junctions themselves including the transmembrane proteins.
Occludin, claudins, and cadherin are subject to Rab-regulated turnover through endocytosis and
recycling (Fletcher et al. 2014; Linford et al. 2012; Lu et al. 2014). Interestingly this process has
also been linked to the Crumbs complex which localizes to tight junctions and is a key regulator
of polarity and cell shape (Bulgakova and Knust 2009). The 3 core cytoplasmic proteins of the
complex (MPP5, INADL, and LIN7C) were identified in our work as NEP interactors, and Wang et

al. found that silencing of MPP5 lead to misregulated trafficking of E-cadherin to the cell
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periphery and its accumulation in puncta (Wang, Chen, and Margolis 2007). We observed a

similar phenotype with respect to occludin in MDCKI cells expressing NEP (Figure 38).

Additionally it has been established through independent studies that both Crb (the
transmembrane component of the Crumbs complex) and influenza vRNPs are trafficked to the
apical plasma membrane through endosomal recycling pathways in a Rab11 dependent manner
(Eisfeld et al. 2011; Momose et al. 2011; Roeth et al. 2009). These studies revealed that vVRNPs
newly exported from the nucleus concentrate at the microtubule organizing center (MTOC)
prior to transport to the apical membrane on Rab11 positive recycling endosomes. However
Eisfeld et al. noted that Rab11 did not co-localize with vVRNPs at the plasma membrane
suggesting that they are delivered to staging areas before incorporation into budding virions
(Eisfeld et al. 2011). They proposed that the cytoplasmic trafficking of vVRNPs consists of at least
four steps: (i) aggregation at the MTOC, (ii) association with Rab11 for transport, (iii)
accumulation near the apical plasma membrane, and (iv) selection/sorting for budding.
However details regarding the hosts factors and processes involved in steps (iii) and (iv) are still
unknown. Based on our data, we hypothesize that NEP interacts with the Crumbs complex
proteins to promote the accumulation of VRNPs at the tight junction complex and/or the
subsequent targeting of vVRNPs to bud sites on the plasma membrane. Figure 40 illustrates how
our findings could enhance the understanding of processes involved in the final steps of the

viral lifecycle.

Another host factor in the NEP interactome, angiomotin (AMOT), associates with both
tight junctions and Rab11 positive endosomes (Bratt et al. 2005; Heller et al. 2010). AMOT was
one of the host proteins identified in this work as specific to the SBP-NEP and 3xFLAG-NEP
affinity purifications by Coomassie blue staining (Figure 19 and Figure 23), and it was also
identified in the NEP interactome (Table 8). However it was not grouped into the tight junction
functional cluster, likely representing a false negative result of the enrichment analysis. AMOT
interacts preferentially with curved, cholesterol rich membranes and promotes the tubulation

of liposomes (Heller et al. 2010). Intriguingly, AMOT plays a key role in release of HIV-1 virions
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from cell membranes (Mercenne et al. 2015), thus NEP could be interacting with AMOT to

promote influenza budding (Figure 40).
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Figure 40. Diagram showing the post entry steps in the influenza virus lifecycle
Replication of the viral genome as well as production of vmRNAs takes place in the nucleus.

After translation, some viral proteins are imported into the nucleus to form new vRNPs
(discussed in 1.1.3). Following nuclear export, vVRNPs aggregate on RAB11 positive
recycling endosomes (i) for transport to the apical membrane (ii). Rab11 dissociates from
VRNPs near the cell surface (iii) and it is not known how they reach the plasma membrane
(iv). The processes and factors involved in budding are also not fully understood. It is
possible interactions between NEP and the Crumbs polarity complex enable the assembly
and targeting of vVRNPs to bud sites on the plasma membrane and interactions with AMOT
may facilitate bud formation and release (yellow boxes). Figure adapted from Eisfeld,
Neumann, and Kawaoka 2014.
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5.3 Future directions

Additional studies exploring the role of NEP, AMOT and the Crumbs complex in viral
assembly and budding are warranted. The host factors and processes involved in these
important steps in the viral lifecycle are not fully understood. Segment specific signals seem to
promote the co-localization of some VRNPs in the cytoplasm prior to packaging into progeny
virions as a supramolecular complex (Chou et al. 2013; Fujii et al. 2003; Gerber et al. 2014;
Lakdawala et al. 2014; Muramoto et al. 2006). However it is not known where the final
assembly of the vVRNPs takes place or how they reach the plasma membrane from recycling
endosomes (Eisfeld, Neumann, and Kawaoka 2014). Host factors involved in influenza budding
also remain largely unknown (Gorai et al. 2012). Inter-vRNP interactions and the host factors
that facilitate assembly and budding bear directly on the ability of two different strains to
reassort—a process that can lead to influenza pandemics (discussed in 1.1.1). A comprehensive
understanding of these aspects of the viral lifecycle could lead to new therapeutic targets and

better pandemic preparedness.

The results presented in this thesis suggest several avenues for follow up studies.
Targeted co-immunoprecipitation (co-IP) experiments to identify which components of the
tight junction complex are interacting directly with NEP would be a logical starting point. Finer
mapping of the interactions and phenotypes to specific residues or motifs on NEP would inform
model construction and facilitate sequence-based comparisons across influenza strains. In a
complementary fashion, mapping the interaction sites on the host factors would help inform
follow on functional studies and mechanistic hypotheses about the role of the interaction in the
viral lifecycle. Immunofluorescence experiments showing the localization of NEP with respect
to the Crumbs complex and AMOT during infection would provide additional information about
the relevance of these interactions to specific stages of the viral lifecycle. In parallel, functional
studies should also be performed to better understand the role of the tight junction complex
during influenza replication. Presently it is not clear if disrupted tight junctions are pro-viral,
and establishing whether or not barrier integrity has an impact on specific stages of the life

cycle would benefit the entire field. Additional functional studies on the tight junction
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components specifically identified in this work and ideally validated through co-IP, should also

be performed to assess their relevance to viral replication.

As a pathogen that enters, replicates in, and buds from epithelial cells, it is logical that
influenza has evolved to interact with one of the defining features of these cells—the tight
junction complex. A growing body of evidence implicates tight junctions in the regulation of a
range of cellular processes and many other bacterial and viral pathogens interact with tight
junction components. Future studies based on the work presented in this thesis and discussed
in this section would help define the role tight junction proteins play in the influenza lifecycle
potentially leading to new therapeutic strategies and new insights into fundamental biological

processes.

As a starting point for host-pathogen interaction studies on influenza NEP, we
engineered affinity tag sequences into the viral genome. We used the recombinant virus in
proteomics experiments to identify host factors that interact with NEP during infection.
Functional enrichment analysis of the proteomics data showed an overrepresentation of tight
junction proteins and we hypothesized that NEP alters tight junction properties. We tested for
an effect of NEP expression on tight junction functioning in an in vitro cell culture model and
showed that NEP disrupts tight junctions. In the end, these findings suggest a new role for NEP

during viral replication as a tight junction modulator.
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