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Professor Simpson Joseph, Chair 
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Influenza A Virus (IAV) is a seasonal virus that infects millions of people 

and causes thousands of deaths per year.  This (-)-sense RNA virus infects 

human lung epithelial cells where it synthesizes (+)-sense messenger RNAs 

(mRNAs) for the purposes of using host machinery to generate new IAV virions.  

Non-Structural Protein 1 (NS1) is an IAV protein that is known to stimulate the 

translation of viral mRNAs in order to efficiently produce new virions.  How NS1 

is able to differentiate between viral and non-viral mRNAs is not fully understood.  

Previous studies have indicated that NS1 binds to the unique 5’-UTRs of viral 
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mRNA and recruits PABP1 and eIF4G proteins, which leads to viral protein 

production. 

 To better understand how NS1 stimulate the translation of viral mRNA, 

chapter 1 and 2 discuss the previous research about IAV and the structure and 

function of NS1 and PABP1.  In order to determine whether NS1 preferentially 

binds to the 5’-UTR of viral genes, several short RNA substrates from viral and 

non-viral sequences were tested using anisotropy as presented in chapter 3.  

Chapter 4 examines the binding of NS1 with longer, viral and non-viral mRNAs 

using filter binding to better understand the interactions with more representative 

RNAs.  Interestingly, data using both fluorescence anisotropy and filter binding 

assays show that NS1 does not preferentially bind to viral mRNAs. 

 Although NS1 does not preferentially bind to viral mRNA, the binding to 

RNAs may still affect NS1’s interaction with PABP1.  Chapter 5 looks at the 

interaction between NS1 and PABP1 using FRET to determine whether RNA 

regulates the interaction.  Using viral and non-viral RNA, I show that the NS1-

PABP1 interaction is indeed modulated by RNA.  

 The information presented here shows that the model where NS1 binds 

preferentially to the 5’-UTR of viral mRNA to stimulate translation is not accurate.  

Instead, the data suggests that NS1 can enhance translation of any mRNA.  

Chapter 6 discusses the results and proposes an alternative model for NS1 

regulation of the host machinery during infection.   

 



Chapter 1

Introduction

1 .1 – Influenza A Virus

Viruses are small infectious agents, typical ly composed of a nucleic acid

enclosed by a coat, that require a host cel l to replicate (Lodish 2000). Although

the coat is typical ly composed of proteins, some viral coats may contain l ipids

that are derived from the host (Reichelt 2009) (Figure 1 .1 ).

Influenza viruses belong to the Orthomyxoviruses family which includes the

Isavirus and Bourbon virus. Since the virus stores its genetic information as (-)-

sense RNA, it belongs to the group V of the Baltimore classification system

(Baltimore 1 971 ). Influenza virus is separated into three genera: A, B, and C. All

three genera are known to infect humans, but the majority of infections are
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Figure 1 .1 - Influenza A Virus Structure
The Influenza A Virus structure is composed of a matrix shell (tan) enclosing

the Ribonuclear Proteins and genome (green). The shell is surrounded by the

M2 matrix protein (purple) and neuramidinase (Blue) and hemmagluttinin (Red).

Figure from the Center for Disease Control.

2

caused by influenza A virus (IAV) (Ritchey 1 976; Fauquet 2005).

IAV strains are classified after the hemagglutinin (HA) and neuraminidase

(NA) surface proteins that enable the virus to attach and detach from the cell ,

respectively (Tsai 2011 ). Each protein variant is numbered subsequently after

the discovery based on sequence similarity. Due to the high hypermutation rate

of IAV, different HA and NA protein variants can arise resulting in new

combinations of IAV strains (Bouvier 2008). For example, the 1 91 8 Spanish flu

strain, H1 N1 , has HA protein variant 1 and NA protein variant 1 , while the Hong

Kong flu (H3N2) from the 1 960’s was an HA variant 3 and NA variant 2.



The influenza virus causes about 500,000 hospital izations and over 50,000

deaths per year in the United States alone – mostly in the elderly and

immunocompromised population (Meltzer 1 999). Additional ly, I t is estimated that

IAV causes over 70 bil l ion dollars in loss of productivity and disruptions to society

(Meltzer 1 999). Therefore, preventing and curing this disease have been a

priority for research groups and health organizations.

The World Health Organization (WHO), with the help of government

agencies including the Center for Disease Control, forecasts the expected

dominant strain variant in the upcoming flu season (Mil ler 201 4). Since vaccines

are effective against only one strain, trivalent (three component) vaccines have

to be produced and administered yearly for a particular strain (Combadière

201 0). Each year, mil l ions of chicken eggs are grown, inoculated with the virus

and processed. The prodigious amount of resources required to manufacture

vaccines has made finding alternative drugs and medicine a priority for

government and pharmaceutical companies (Singh 201 0). For this reason, it is

important to study the structure of IAV and its infection mechanism to find

potential avenues for new medicine.

1 .2 Influenza A Virus Genome

Influenza A virus is composed of 8 (-)-sense RNA segments that encode for

1 3 proteins with the possibi l ity of encoding several more proteins (Tsai 2011 ;

Vasin 201 4). The RNA segments are organized by the respective size of the

major protein product: Polymerase Basic 2 (PB2), Polymerase Basic 1 (PB1 ),

Polymerase Acidic (PA), Nucleoprotein (NP), Hemagglutinin (HA),

Neuraminidase (NA), Matrix (M), and Non-Structural (NS) (Figure 1 .2). Similar to

some human mRNAs, viral RNA can be spliced or misread, resulting in an

3



Figure 1 .2 – Influenza A Virus Genome
Eight segments encode for more than 1 3 protein products (1 2 shown here)

with the potential of encoding several more proteins. Genome is organized

based on gene nucleotide length ranging from about 21 00 nucleotide (PB2) to

about 950 (NS1 ). PB1 -F2 and PA-X are both frameshift products of the PB1 and

PA genes, respectively. M2 and NS2 are splice products of their respective

genes. New proteins can be derived from additional frameshift mutations or

spliced products.

increased number of open reading frames (Jagger 201 2).

The virus dedicates the majority of its genome to transcription machinery.

The largest segment and protein encoded by Influenza A is Polymerase Basic

Protein 2 (PB2) (Guil lgay 2008). PB2 is a large protein that recognizes and

binds to the 7-methylguanosine-containing cap of the host pre-mRNA (Fechter

2003). Together with Polymerase Basic Protein 1 (PB1 ), Polymerase Acidic

4



Protein (PA), and Nucleoprotein (NP), these proteins constitute the viral

ribonuclear protein complex (vRNP). The vRNP is responsible for transcribing

and processing the (+)-sense viral mRNA during infection (te Velthius 201 6).

The NP does not partake in any polymerase activity but encapsulates the (-)-

RNA prior to transcription (Fournier 201 2; te Velthius 201 6).

RNA segments 5 and 6 encode for hemagglutinin (HA) and neuraminidase

(NA), respectively (Figure 1 .2). The two proteins are involved in viral attachment

and release from the cell during infection, respectively. Segment 7 encodes the

M1 and M2 proteins required for the viral coat which encapsulates the genome

(Rossman 2011 ). The NS segment encodes for Non-Structural Protein 1 (NS1 )

and Non-Structural Protein 2 (NS2), which contribute to the antiviral response

during infection (Krug 201 5; Lenartowicz 201 6). Though NS1 is non-essential for

viral repl ication in STAT1 -/- mice, it is required for normal replication in wild-type

mice (García-Sastre 1 998). NS1 is also required for efficient translation of viral

proteins during infection (Salvatore 2002).

Similar to other viruses, high mutation rate facil itates the evasion of host

anti-viral responses. The error-prone PB1 protein transcribes mutations in the

genome that confer resistance against vaccines (Bouvier 2008; Heaton 201 3).

The plasticity of proteins vary with each protein whereas NS1 and HA are the

most tolerable to mutations, and PB1 and PB2 are less tolerant (Heaton 201 3).

1 .3 – Drugs Targeting Viral Proteins

The high mutation rate compounded with the cost of producing vaccines

makes searching for alternative methods of disease prevention desirable (Engel

2008; Richt 2009). High-throughput small-molecule searches have been

conducted in the past with l imited results (Müller 201 0; Marc 201 4). While drugs

5



that prevent the action of M2 and NA have been approved, some IAV strains

have evolved resistance against the drug (Bright 2006; Hai 201 3). Since the

polymerase activity of the vRNP is essential for the virus, studies and screens

have been conducted against these proteins (Ortigoza 201 2). Alternatively, since

NS1 is required for antiviral response, drugs screens have been conducted to

target NS1 (Cho 201 2; Engel 201 3; Marc 201 4). To date no drug targeting NS1

has gone to market. Given, the l imited number of medicines in the market and

the large economic impact of the virus, it is imperative to conduct searches for

alternative methods of prevention (Müller 201 0).

1 .4 - Influenza A Virus Infection Mechanism

Influenza virion particles can be transmitted via direct transmission (such as

exchange of fluids) and indirect methods including aerosols (Lowen 2007). Once

the virus encounters a lung cell , the HA protein attaches to the α2,6-l inked sial ic

acid and sugar found on the surface of human cells (Rossman 2011 ) (Figure

1 .2). Once bound to the surface, clathrin-mediated endocytosis invaginates the

virion (Lakadamyali 2004). In order to release the contents of the virus within the

cells, cel lular vacuolar ATPases acidify the endosome (Müller 201 2). The low pH

of the endosome fused with the vesicle causes a conformational change in M2

(but not M1 ) capsid protein coating the vRNP (Rossman 2011 ). The

conformational change dismantles the capsid, releasing the vRNP into the

cytoplasm. The nuclear localization signal present in NP, al lows the vRNP and

genome to enter the nucleus (Martin 1 991 ) (Figure 1 .3).

In the nucleus, the vRNP subunit, PB1 , initiates transcription of the (+)-

sense RNA (Bier 2011 ). Since the virus is incapable of producing its own 5’-cap,

which is required for host cap-dependent translation mechanism, PB2 recognizes

6



Figure 1 .3 – Overview of Influenza A Virus Infection
Influenza A Virion particle (Orange, upper right) approaches then binds to

the cell sial ic acids using Hemmagluttinin protein (HA). Once bound, the virion

forms a coated vesicle by clathrin-mediated endocytosis. The coated vesicle

fuses with the highly-acidic endosome. The low pH changes the conformation of

M2 protein which then triggers the release of the viral Ribonuclear Proteins

(vRNP). With the help of Nucleoprotein (NP), the genome shuttles to the nucleus

where the polymerase proteins transcribe the positive-sense RNA. Cap-and-

tai led mRNAs are then exported and translated in the cytoplasm and, if needed,

processed in the endoplasmic reticulum. Synthesized proteins are then packed

with the viral genome to form virion particles. Virion particles then bud off with

the help of Neuramidinase protein (NA). The newly-formed virion particle is then

ready to infect another cell . Modified and reproduced with permission from Cox

1 997.
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and binds to the cap of host mRNAs (Gabriel 2008). PA endonuclease, cleaves

the 5’-cap with a short host mRNA sequence (Dias 2008). The vRNP then adds

the cleaved 5’-cap to newly synthesized mRNA (Dias 2008). A poly (A) tai l is

added to the (+)-sense mRNA via Poly (U) stuttering from the template viral (-)-

sense RNA (Zheng 1 999).

The cap-and-tai led viral mRNA is exported out of the nucleus and the host

translation mechanism initiates translation (Figure 1 .3). Host proteins, PABP1 ,

eIF4G, and eIF4E associate with the viral mRNAs forming a “closed-loop”

structure that al lows efficient translation of mRNA (Burgui 2003). NS1 has been

hypothesized to strengthen the “closed-loop” formation of PABP1 -eIF4G-eIF4E-

mRNA complex by binding directly to both PABP1 and eIF4G (Burgui 2003; Bier

2011 ). The binding of NS1 stimulates translation of viral mRNAs allowing the

virus to efficiently produce the required proteins for virion assembly (Shapiro

1 987). The virus then assembles the capsid and genome and “buds” off the cell

using the catalytic abil ity of NA protein to release itself from the cell membrane

(Rossman 2011 ). The virus is then able to infect neighboring cells or leave the

host and infect other organisms (Figure 1 .3).

1 .5 - Elucidating the Mechanism of NS1 Interactions

The identification of new potential drugs require insight into the mechanism

of viral infection. Since NS1 is required to counteract the host interferon

response, it has become a potential drug target (Tisoncik 2011 ).

Studies have demonstrated that NS1 interacts with several proteins in each

stage of gene transcription and translation (Engel 201 3). These proteins include:

RNA-Polymerase Associated Factor 1 complex (PAF1 C), Cleavage and

Polyadenylation Specificity Factor subunit 4 (CPSF4), and Protein Kinase RNA-

8



activated (PKR), Poly (A) Binding Protein (PABP1 ) and eukaryotic Initiation

Factor 4G (eIF4G).

PAF1 C has been previously described as a protein complex that

accompanies RNA Polymerase I to increase the elongation rate and efficiently

regulate RNA synthesis (Zhang 201 0). The C-terminal tai l domain of H3N2

interacts directly with PAF1 C acting as a histone-mimic (Marazzi 201 2). This

interaction prevents the native association of PAF1 C with RNA polymerase

preventing the synthesis of host mRNAs (Marazzi 201 2). How this interaction

increases translation of viral mRNA remains unknown.

CPSF4 is a subunit of the CPSF complex used to process pre-mRNA at the

3'-end (Nemeroff 1 998). CPSF4 recognizes the 5’-AAUAAA-3’ signal sequence

in the mRNA. I t interacts with poly (A) polymerase and other factors that

processes RNA by cleaving the 3’-end and facil itating poly (A) addition (Ramos

201 3; Zhang 201 2). Previous studies have indicated that NS1 interacts with the

F2 and F3 zinc-finger-l ike regions of CPSF4 and inhibits the mRNA 3'-end

processing (Twu 2006). The NS1 -CPSF4 binding site has been studied as a

potential drug target (Zhang 201 2). However, not al l strains of NS1 bind to

CPSF4 which may limit the effectiveness of the drugs (Kainov 2011 ).

Protein Kinase RNA-activated (PKR) is a 62 kDa protein that helps protects

cells from viral infection (Takizawa 2002). Once activated by double-stranded

RNA, notably from double-stranded viruses, it phosphorylates eukaryotic

translation initiation factor 2-alpha (eIF2α) preventing further translation of host

and viral mRNA (Nanduri 2000). The ED of NS1 interacts directly with PKR to

prevent phosphorylation of eIF2α thereby avoiding translation shutoff (Lu 1 995;

Li 2006). The difficulty of purifying sufficient amounts of PKR makes studying the

NS1 -PKR interaction undesirable (Xu 2004). With the exception of PKR, not al l

NS1 strains bind to these proteins which makes designing drugs difficult to

9



market.

Though NS1 has been shown to stimulate translation of viral mRNA, the

exact mechanism is unclear (Luna 1 995). A proposed mechanism for

upregulation of viral mRNA via NS1 has been proposed, but has not been

accepted by all scientific groups (Enami 1 994; Luna 1 995, Cassetti 2001 , Jagger

201 2).

I t has been proposed that in order to differentiate between viral and non-

viral mRNA once it has been exported to the cytoplasm, NS1 binds to the unique

single-stranded 5’-UTR of viral mRNA (Park 1 995; Enami 1 994, Luna 1 995)

(Figure 1 .4). Once bound, NS1 recruits Poly (A) Binding Protein (PABP1 ) and

Eukaryotic Initiation Factor 4G (eIF4G) (Burgui 2003). NS1 +PABP1 +eIF4G

complex recruits eukaryotic Initiation Factor 4E (eIF4E) at the 5’-cap, which

results in a stronger “closed-loop” formation of NS1 -PABP1 -eIF4G-eIF4E (Smith

201 0) (Figure 1 .4). This results in an efficient turnover of ribosomes which

allows the virus to replicate rapidly. This model, however, does not explain how

the virus differentiates between M mRNA and another viral mRNA considering al l

RNAs share similar sequences (Wolstenholme 1 980; Enami 1 994).

While this mechanism provides explanation for stimulation of M1 protein

during infection, other groups have suggested a different mechanism. Instead of

preferential ly stimulating viral mRNAs, NS1 stimulates the translation of any

mRNA— independent of the 5’-UTR (Cassetti 2001 ). The result in this model

may be an artefact of the study since the mRNA transcripts were expressed

under the T7 promoter (Cassetti 2001 ). An abundance of transcribed RNAs may

have out-competed the IAV RNAs during infection. The group proposed that

phosphorylation of NS1 during infection may promote general mRNA stimulation

(Hsiang 201 2).

While the two models differ with respect to which mRNAs are translated,

1 0



Figure 1 .4 – Model for the Stimulation of Viral mRNA Translation
by NS1

Capped-and-tai led mRNA is exported out of the nucleus and associated

with PABP1 (Green). NS1 (Yellow) binds to the 5’-UTR of viral mRNA, but not

host mRNAs, which then recruits eIF4G. The NS1 -PABP1 -eIF4G associates

with eIF4E to start the initiation process. The “closed-loop” formation allows for

efficient and expedient translation by recruiting the 80S ribosomal complex.

Modified from Smith 2008.

studies using ribosome analysis have indicated that NS1 does stimulate

translation initiation (Luna 1 995; Kash 2002, Panthu 201 7). In order to elucidate

the mechanism of NS1 stimulation, it is important to establish whether NS1

directly binds to viral RNAs with stronger affinity than non-viral mRNAs. Since

the basis of the first model requires a differentiation between viral and non-viral

mRNA for stimulation, it would suggest that NS1 binding affinity correlates with

translation efficiency.

NS1 binding to short segments of RNAs may or may not be sufficient for

differentiation. RNA can be dynamic and fold into secondary structures, it may

be possible that NS1 is binding to RNA secondary structure that includes the 5’-

1 1



UTR. Larger viral and non-viral mRNAs would be sufficient to determine whether

the 5’-UTR in a local context is required for NS1 binding.

The differential binding of NS1 to viral and non-viral mRNAs may affect how

NS1 interacts with other translation factor proteins, notably PABP1 and eIF4G.

NS1 binds to both PABP1 and RNA through its RNA Binding Domain, viral RNA

could affect its abil ity to interact with PABP1 (Burgui 2003). The NS1 -PABP1 -

eIF4G complex may be strengthened in the presence of viral mRNA in order to

effectively recruit and continue recruiting ribosomes (Yángüez 2011 ).

To answer these questions and hypotheses, I used biochemical and

biophysical approaches to study protein-RNA and protein-protein interactions of

NS1 . In chapter 2, an in-depth review of NS1 and PABP1 structure, function,

and research is presented. Using anisotropy with purified proteins, chapter 3

proves that while NS1 does bind to double-stranded RNAs as expected, it does

not bind to short single-stranded RNAs. Filter binding assays, detai led in chapter

4, with ful l-length viral M mRNA and exogenous mRNAs, suggest that NS1 does

not preferential ly bind to viral mRNAs compared to non-viral mRNAs. Using a

truncated version of viral and non-viral mRNAs, I determined that NS1 binds

weaker to viral RNAs than non-viral RNAs. The differences in binding affinities

and the possible secondary structures of RNAs are discussed. In chapter 5,

using Förster-Resonance Energy Transfer with mutant versions of NS1 and

PABP1 , I quantitatively showed that the strong interaction occurs in the absence

of RNA. Final ly, using purified RNAs, the NS1 -PABP1 interaction is weakened in

the presence of viral and non-viral RNAs – contrary to established research.

These findings contribute to the elucidation of NS1 ’s role during IAV infection.

This new model may aid in finding a novel pathway in preventing disease.
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Chapter 2

Structure and Function of NS1 and

PABP1

2.1 - Abstract

NS1 is a small RNA binding protein primari ly involved in interferon

response. I t is composed of three domains whose sequence varies from strain

to strain. Though it general ly binds to RNA, no specific binding sequence motif

has been established. NS1 binds to several host proteins whose functions range

from DNA processing to translation initiation. PABP1 is a eukaryotic RNA binding

protein involved in mRNA translation. As an essential protein for translation

initiation, NS1 binds and hijacks PABP1 during infection. The interaction

between these two proteins may play a role in viral disease progression.

2.2 - NS1 Overview

Segment 8 of IAV encodes for two proteins, NS1 and NS2 (Young 1 983)
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(Figure 1 .2). Though few studies have been conducted on the structure and

function of NS2, several studies have elucidated NS1 ’s role in IAV infection (Hale

2008).

NS1 is a small 26 kDa protein composed of three domains: RNA-Binding

Domain (RBD), Effector Domain (ED) and a C-Tail Domain (CTD) (Hale 2008).

The RBD and Effector Domain are connected by an unstructured l inker region

that varies by strain (Bornholdt 2008). The protein is about 230 amino acids in

length but can be as short as 21 7 amino acids where the majority of the

truncation comes from the CTD (Kainov 201 5). The RBD and ED can also

interact to form higher-order “tubular” structures (Carri l lo 201 4). These “tubular”

structures may play an important role in dsRNA binding and represssion of

interferon response (Bornholdt 2008, Carri l lo 201 4).

2.3 - NS1 RNA Binding Domain

The abil ity of NS1 to bind to RNA through its RBD is central to the function

of NS1 in preventing host interferon response. The RBD is composed of three

alpha helices, α1 , α2, and α3 that cooperatively homodimerize with another NS1

RBD (Hatada 1 992; Wang 1 999; Cheng 2009). NMR and crystal structures have

shown that the dimer structure is required to create a ~1 0Å cavity between key

residues – enough to interact with the RNA phosphate backbone (Yin 2007).

Additional ly, several more basic residues l ine the binding cavity, though no

studies have proven whether those are essential for structure integrity (Yin

2007).

Two basic residues, R38 and K41 , are essential for RNA binding and a

R38A substitution completely abrogates any RNA binding (Wang 1 999). These

highly-conserved residues interact directly with the RNA and allows NS1 to
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Figure 2.1 – NS1 Crystal Structure and Domain Organization
Crystal structure (top) and domain organization (bottom) of H6N6 NS1 -

R38A-K41 A. Historical ly, NS1 was divided into two domains, the RNA Binding
Doman (1 -81 , blue-aqua in crystal structure) and the Effector Domain (11 0-237,
orange-red in crystal structure). Recent years have demonstrated the unique
properties of the l inker region (81 -11 0, green in crystal structure) instead of being
grouped into the ED. PDB ID for crystal structure is 4OPH (Carri l lo 201 4).

prevent interferon response. Previous studies where cells were infected with a

mutant NS1 (NS1 -R38A-K41 A) have shown an increase in host interferon

response as compared to WT and a decrease in titer levels (Ramos 201 3).

Given the importance of these two residues, studies have been proposed to find

small molecule inhibitors for these basic residues (Marc 201 4).

Systematic Evolution of Ligands by Exponential Selection (SELEX)

experiments have been conducted in order to identify a RNA sequence motif that
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Figure 2.2 – NS1 RBD Binding to dsRNA
Crystal structure of two NS1 -RBD (green and blue) bound to a double-

stranded RNA (orange). NS1 forms dimers where arginine 38 (red) interacts
directly with the negatively-charged phosphate backbone of the RNA. The PDB
ID is 2ZKO (Yuan 2008).

binds to NS1 . Several RNA substrates were determined with varying binding

affinities ranging from ~1 to 200 nM (Marc 201 2). While a short sequence motif

and overal l secondary structure was established, no viral sequence was

identified.

Recent studies have indicated that NS1 can bind to G-rich DNA aptamers

(Woo 201 3). This may further prevent the transcription of host mRNAs, notably

antiviral genes (Anastasina 201 6). However, no crystal structure of NS1 bound

to dsDNA has been published.

In addition to dimerizing and binding to RNA, the RBD binds to several

human proteins (Engel 201 3). In those studies, two proteins, PABP1 and eIF4G,

were shown to bind to NS1 at its RBD. NS1 binds to the homodimerization

domain of PABP1 (residues 365-535) and to the N-terminus of eIF4G (residues
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1 57-550). Both PABP1 and eIF4G are involved in translation initiation and the

“closed-loop” formation of mRNAs (Aragón 2000; Burgui 2003). I t has been

established that NS1 is able to bind to those proteins independent of RNA

(Burgui 2003). I t has not been established whether RNA is capable of

modulating the interaction.

2.4 - NS1 Effector Domain

Traditional ly, the effector domain has been assigned as the amino acids

fol lowing the RBD i.e. starting at amino acid 72. In l ight of recent studies, the

region between RBD and ED, amino acids 74 to 85, has been renamed the linker

region (Trapp 201 4). The shortening of the l inker region has been implicated in

increased pathogenicity of the virus (Trapp 201 4).

No RNA binding is observed for the ED, but it does bind to several proteins,

including CPSF4 (Nemeroff 1 998), Protein Kinase R (PKR) (Li 2006), and

PABPBI I (Chen 1 999). Although the ED does not bind to RNA, it does contribute

to the binding affinity of the RBD to RNA, since a deletion of the ED causes a

1 00-fold decrease in affinity for RNA (Cho 201 2).

The first crystal structure of the H5N1 NS1 protein showed that the ED does

not interact with the RBD (Bornholdt 2008). However, subsequent crystal

structures with H6N6 NS1 showed that the ED, specifical ly G1 68 and T1 70,

interacts with the RBD at R59 and Q63 (Carri l lo 201 4). I t was shown that the

H5N1 was a minority strain in amino acid composition compared to several other

strains. Crystal lography studies have shown that some strain’s RBD and ED do

not interact intramolecularly, but al l EDs interact intermoleculary to create higher-

level structures (Carri l lo 201 4). Both variants are able to prevent interferon

response and cause disease indicating that the intermolecular interactions are
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essential to function.

The abil ity to form higher-level structures may be the reason why binding

studies have shown NS1 ’s strong affinity for dsRNA (Marc 201 4). The

oligomerization of NS1 may enclose the RNA tightly thereby increasing the

affinity by lowering the disassociation rate.

ED and RBD interaction may play a role with inhibiting PKR interaction.

PKR binds to double-stranded viral RNA and autophosphorylates, which

subsequently phosphorylates eIF2α (Lu 1 995, Nandury 2000, Li 2006). NS1

prevents the activation of PKR by sequestering free dsRNA (e.g. IAV mRNA),

binding to PKR, and allowing the translation of viral mRNA. Binding to PKR does

not stimulate translation, rather it prevents the host from halting translation. The

two domains, through different abil ities, are required for proper function of NS1

during infection.

2.5 - PABP1 Structure and Function

Higher-level eukaryotes all have a homolog of PABP1 . The essential

protein is composed of four, non-identical RNA Recognition Motiffs (RRMs), an

unstructured homodimerization domain and a C-terminal domain (PABC) (Deo

1 999). RRM 1 and 2 are essential for RNA binding in yeast and higher-level

eukaryotes (Sachs 1 987, Eliseeva 201 3). RRM 3 and 4 weakly associate with

RNA, thereby strengthening the interaction between PABP1 and RNA, but

PABP1 ∆RRM3-4, is sti l l able to bind to Poly (A) tai ls (Sachs 1 987). The

minimum poly (A) tai l sequence required for binding is 1 2 nucleotides, but can

“protect” up to 27 nucleotides from nucleases (Baer 1 980) (Figure 2.3).

PABP1 has been shown to stabil ize Poly (A) tai ls of mRNA and act as a

translation initiator (Wang, Z 1 999; Kahvejian 2005). PABP1 helps shuttle
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Figure 2.3 – PABP1 RRM1 and 2 Crystal Structure and Domain
Organization

Crystal structure of truncated human PABP1 with RNA-Recognition Motif
(RRM)1 and 2 only, bound to an 11 nucleotide Poly (A) RNA (top). RRM1 and 2
are essential for RNA binding and RRM3 and 4 contribute to the high specificity
and strength. PDB ID is 4F02 (Safaee 201 2). Schematic domain organization of
PABP1 (bottom) where numbers indicate amino acid position.
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mature mRNA from the nucleus to the cytoplasm where then it participates in the

“closed-loop” formation of mRNA, eIF4G, eIF4E bridging the 5’ and 3’ end of

mRNA (Afonina 1 998; Imataka 1 998; Gorgoni 2004). This “closed-loop”

formation allows the remaining initiation factors and ribosomal subunits to start

scanning the mRNA for the start codon. IAV hijacks this process in order to

stimulate the translation of viral mRNAs with the help of NS1 (Burgui 2003; Bier

2011 ).

Given its importance in cap-dependent mRNA translation, PABP1 has been

targeted by several pathogens including the Picornaviridae, Caliciviruses, and

Hepatitus A virus (Lloyd 2006; Smith 201 0). How IAV promotes translation of

viral mRNAs over host mRNAs has been subject to debate.

While it is known that NS1 binds to PABP1 and eIF4G, how the interaction

stimulates viral mRNA translation over host mRNAs is unclear. Although there

are other possible mechanisms for this stimulation, concentrating on PABP1 is

ideal since it is directly related to translation initiation. Therefore, elucidating the

interaction between NS1 and RNA (Figure 2.4) with PABP1 and eIF4G is critical

to further understanding the mechanism of translation stimulation by IAV.
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Figure 2.4 – Overview of NS1 Binding Experiments
Future experiments wil l analyze the binding strengths of NS1 to short

single-stranded RNAs (blue), short double-stranded RNAs (red) and long RNAs
(black). Short RNAs wil l be derived from viral and non-viral sequences. Long
RNAs, where the substrates can fold into several different secondary structures,
are also derived from viral and non-viral sequences. Studies involving NS1
binding to short single-stranded and double-stranded RNAs wil l use
fluorescence anisotropy while binding studies involving long RNAs wil l use fi lter-
binding assays.
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Chapter 3

NS1 and PABP1 Binding to Small

RNAs

3.1 - Abstract

NS1 has been shown to bind to several short RNA substrates with no viral

sequence motif. To better understand how NS1 is able to differentiate between

viral and non-viral RNAs, purified NS1 protein was incubated with several short

RNAs. Using fluorescence anisotropy, I showed that NS1 does not bind to any

ssRNA tested including Poly (A) RNA. NS1 did bind to dsRNAs, but not viral

dsRNA. PABP1 did bind to Poly (A) RNA as expected and did not bind to Poly

(C). Results were confirmed using non-denaturing polyacrylamide gel

electrophoresis. These results suggest that NS1 does not bind to the single-

stranded 5’-UTR of viral mRNA to differentiate between viral and non-viral RNA.
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3.2 - RNA Binding by NS1 and PABP1

During IAV infection, NS1 and PABP1 are in a mil ieu of RNAs and other

biological molecules. Whether there are mRNAs, tRNAs, or miRNAs, it is

essential that NS1 and PABP1 have different binding affinities to their respective

target RNAs. I t is imperative to carry out RNA binding studies to further

determine how the NS1 -PABP1 interaction is modulated by RNAs.

PABP1 binds to long stretches of adenosine monophosphate sequences,

notably poly (A) tai ls. NS1 , as mentioned in chapter 2, has been shown to have

several different RNA targets (Marc 201 2). These RNA-binding measurements

wil l help us understand whether NS1 is capable of differentiating between viral

mRNAs solely based on a unique, single-stranded sequence.

To measure the binding affinity between NS1 and RNA, I used

Fluorescence Anisotropy as it provides quantitative data. To complement the

anisotropy experiments, the same RNAs were analyzed for binding with NS1

using non-denaturing electrophoretic mobil ity shift assays (EMSA).

3.3 - Measuring RNA Binding Using Fluorescence Anisotropy

Fluorescence anisotropy measures the rotational mobil ity of a fluorophore in

solution during the l ifetime of the excited state (Lakowicz 2006). A fluorophore is

attached to a macromolecule, in our case a small RNA, and incubated in solution

with its binding partner. Polarized l ight at a specific wavelength excites the

fluorophore (Figure 3.1 ). When the fluorophore is relaxed, the detector

measures the intensity of l ight paral lel or perpendicular from the source.
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Equation 3.1

Figure 3.1 – Overview of Anisotropy Assay
A fluorophore is attached to a small RNA (<20 nucleotides) and excited with

polarized l ight. The fast tumbling of the RNA+fluorophore causes the
measurement of depolarized emission. The high depolarization results a low
anisotropy value. When a protein is added and binds to the RNA, the
RNA+fluorophore tumbles less. Protein+RNA+fluorophore is excited with
polarized l ight and polarized emission is measured at a specific wavelength. The
increase in polarized emission results in higher anisotropy.

Anisotropy is measured using the fol lowing equation:

The value,r, is a dimensionless quantity that measures the difference in

intensity collected from parallel (I ǁ ) to perpendicular l ight (I┴) over the total

intensity measured. Therefore, the anisotropy value is independent of

fluorophore concentration. However, caution must be taken to ensure the

concentration of fluorophore for binding experiments is less than the KD of the

experiment. The raw anisotropy values are then subtracted from the initial
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Equation 3.2

anisotropy value, r0, which represents the free, unbound RNA [RNA]. Since

measuring anisotropy is an indirect measurement of the fraction of fluorophore

bound to Protein, and titrating the amount of protein unti l i t reaches saturation,

the fol lowing equation is used to determine KD:

Where [P+RNA]/[RNA] is the anisotropy value and [P] is protein concentration.

Graphpad prism software (Graphpad Software Inc.) then fits this equation to

calculate KD.

For accurate measurement of KD, two conditions must be met: Fluorophore

concentration must be less than disassociation constant and protein

concentration must be titrated unti l saturation attainment. When the

concentration of substrate attached to the fluorophore is less than the calculated

KD, nearly al l the protein is free at the concentration used in the experiment. At

high concentrations of substrate, the binding curve fol lows as a quadratic curve.

I f the substrate+fluorophore concentration is above the KD, then a large fraction

of protein wil l be bound to the substate+fluorophore. No binding information is

obtained from these experiments except that the KD is less than the

concentration of substrate+fluorophore (Pollard 201 0).

Saturating al l free substrate+fluorophore wil l reduce the standard error of

the KD and produce a more accurate value. For these reasons, it is general ly

recommended that the final concentration of protein be about 5-1 0 times the

calculated KD. That wil l lead to an accurate measurement of maximum

saturation bound, which results in a measurement of ½ fraction bound to

calculate the KD.
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3.4 - Selection of RNAs for Anisotropy Assay

Several substrates have been used for crystal structures and binding

studies (Hatada 1 992; Wang 1 999; Yin 2007), but no long RNA sequence motif

has been established for NS1 (Hale 2008). The first study used gel-shift assays

to show that NS1 does indeed bind to dsRNAs in vitro (Hatada 1 992). That

study used a negative-sense vRNA hybridized to a positive-sense vRNA showing

that NS1 is capable of binding to viral RNAs. However, it did not rule out that

NS1 can general ly bind to RNAs.

Further research demonstrated that the NS1 RBD can general ly bind to

dsRNA, where the R38 residue is critical for binding (Wang 1 999). Three RNAs

were tested for binding using non-denaturing gels: 55 basepair dsRNA, U6

snRNA and a 1 40 basepair dsRNA target. A shift was seen in al l three RNAs

when incubated with NS1 -RBD and none when using the NS1 -R38A-K41 A

mutant. Since the sequences in the three RNAs vary significantly, the data

suggested that NS1 is a general RNA binding protein with no sequence

specificity.

Crystal and NMR structures of NS1 RBD and a short, 1 6 basepair dsRNA

proved that the R38 residue is critical for binding (Yin 2007). Another study

confirmed the binding affinity of GST-NS1 fusion protein to dsRNA (KD of 1 60

nM) using fluorescence anisotropy (Cho 201 2). Interestingly, the same study

showed that a GST-NS1 -RBD only protein binds to the same substrate with an

affinity of 25 µM – nearly a 200-fold decrease. This suggest that the ED is

required for strong RNA binding. The dsRNA used in those two studies,

renamed RK1 in my studies, was used as a positive control. Final ly, another

crystal structure proved NS1 RBD binding to a self-complementary single-

stranded siRNA (Cheng 2009).
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Further research conducted using Systematic Evolution of Ligands by

Exponential Enrichment (SELEX) explored all the potential binding sequences of

NS1 (Marc 201 2). Though no long RNA motif was established, the study found a

short sequence motif (GUAAC/CAUUG) in strong RNA substrates (KD < 5 nM).

The sequence is similar to the 5’-spl ice site of human mRNAs, suggesting that

NS1 may play a direct role in mRNA splicing.

No NMR or crystal structure exist for NS1 binding to short single-stranded

or double-stranded viral RNAs. Moreover, no binding assays have been done

with short, virus-specific gene sequences to show that NS1 does indeed

stimulate the translation of the M1 protein by binding to the 5’-UTR.

3.5 - RNA Constructs

The M mRNA (~1 080 nucleotides) encodes for two proteins, M1 and M2,

where M1 is translated directly from M mRNA and M2 mRNA is created via

splicing (van Wiel ink 201 2). Since studies have shown the importance of NS1 to

M1 matrix protein expression, the M mRNA was selected as the model viral

mRNA (Enami 1 994; Luna 1 995).

To investigate if NS1 binds to the 5’-UTR of M mRNA, several fluorescein-

tagged RNAs were constructed. The 8 nucleotide sequence (5’-GGUAGAUA-

FL-3’), named M1 , was based on the unique M mRNA sequence found in its 5’-

UTR (Figure 3.2). The “FL” represents the location of the fluorescein tag in the

RNA. Though it may be possible that NS1 binds to the whole 5’-UTR

(approximately 23 nucleotides), this sequence ensures that the unique sequence

of the M mRNA is studied.

A second viral mRNA sequence is a short, 1 2 nucleotide sequence (5’-

AGCAAAAGCAGG-FL-3’), named IAV. IAV RNA was constructed based on a
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Figure 3.2 – Alignments of IAV 5’-UTR
Over 32 influenza A virus genomes were gathered from flugenome.org

ranging in years, strains, and geographic origins. A sample set of 6-9 strains’ 5’-
UTR is displayed with the start codon (AUG) highl ighted in violet. Shading
indicates ful ly conserved nucleotides in the 5’-UTR. Note the sequences for IAV
(5’- AGCAAAAGCAGG-3’) and M1 in the M segment (5’- GGUAGAUA-3’).
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common sequence among the 5’-UTRs of al l 8 viral (+)-sense mRNA sequences

(Figure 3.2). IAV mRNA sequence allows the comparison between M1 specific

sequence and a general viral mRNA sequence found in (+)-vRNA. Though IAV

does share two guanines at the end of the sequence with M1 (5’-

AGCAAAAGCAGG-3’) it should not form a secondary structure or interfere with

binding analysis.

Research has suggested that the IAV 5’-UTR and 3’-UTR may interact with

each other in order to differentiate between viral and non-viral mRNA

(Lenartowicz 201 6). In order to test that possibi l ity, a double-stranded version of

IAV (dsIAV) was constructed with a complementary IAV sequence (5’-

CCUGCUUUUGCU-3’). This dsRNA wil l al low the identification of potential NS1

binding motif within viral RNA in the 5’-UTR not seen in non-viral mRNA.

Two random control RNAs, CR1 and RK1 , were synthesized and

constructed as non-viral controls for anisotropy. RK1 sequence, (5’-FL-

CCAUCCUCUACAGGCG-3’) is based on a known NS1 binding RNA (Cho

201 2). The double-stranded version, dsRK1 was constructed by hybridizing the

sense strand with the antisense strand (5’-FL-CGCCUGUAGAGGAUGG-3’).

CR1 (5’-GCUAUCCAGAUUCUGAUU-FL-3’) was constructed to have

approximate equal distribution of G:C and A:U content. The double-stranded

version of CR1 , was synthesized to complement the sense-strand (5’-

GAAUCAGAAUCUGGAUAGC-3’).

Three additional RNAs, Poly (A)1 8, Poly (C)1 8, and Poly (G)1 8 were also

used for anisotropy experiments. Poly (C)1 8 is used as a negative control as it

lacks a stable, uniform secondary structure; nor should it bind to NS1 or PABP1

(Baer 1 980). Poly (A)1 8 serves as a positive control for PABP1 and has been

shown to interact with NS1 (Qiu 1 994). Poly (G)1 8, which forms G-Quadruplex

structures in solution may potential ly bind to NS1 . Since G-Quadruplexes are
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higher-level structures, NS1 may interact with either the primary sequence or the

secondary structure (Chen 201 2). Whether NS1 binds to a specific G-

Quadruplex structure (e.g. paral lel or anti-paral lel) is not known (Qiu 1 994; Burge

2006). All RNA sequences and names are l isted in Appendix 3.

3.6 - METHOD

3.6.1 - NS1 and PABP1 Purification

All NS1 protein strains have been predicted to bind to RNA. The NS1 of

H3N2 strain was chosen for al l our studies since it has been extensively studied

in vitro and in vivo. A human cDNA clone of PABP1 tagged with a 6X-Histidine

tag was used for al l studies.

The pGEX-3X-NS1 (H3N2 strain) plasmid was generously provided by

Robert Krug from UT Southwestern. The H3N2 NS1 protein was tagged with

Glutathione-S-Tranferase protein for purification and solubil ity (Qiu 1 994). The

human PABP1 (Accession: BC01 5958) in pANT7_cGST vector was purchased

from DNASU. I t was then subcloned into the pMCSG26, which contains a C-

terminal 6X-His tag using Ligation Independent Cloning (LIC) (Eschenfeldt 201 0).

Al l plasmids were sequence verified.

The pGEX-3X-NS1 , used for RNA binding studies, was transformed into

BL21 cells. The cells were grown at 37 ºC in LB-Ampici l l in unti l an O.D.600 of

0.6-0.8 and then were induced with 1 mM of IPTG for 2.5 hours. Cells were then

pelleted and flash-frozen.

NS1 proteins were purified using Glutathione-Sepharose 4B beads (GE

Healthcare). Briefly, cel ls were disrupted in PBS Lysis Buffer (PBS pH=7.3, 5

mM β-Mercaptoethanol, 1 mM EDTA, 0.1 % Triton X-1 00, 1 mM PMSF) and

sonicated for 1 20s total with 8s pulse and 60s rest. Lysate was centrifuge at
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20,000 x g for 45 minutes at 4 ºC. Supernatant was incubated with 2 mL of

beads for 1 0 minutes at 4 ºC. Slurry was poured over a column and washed with

50 mL of PBS followed by 25 mL of PBS Stringent Buffer (PBS pH=7.3, 250 mM

NaCl, 1 0% Glycerol, 5 mM β-Mercaptoethanol, 0.1 % Triton X-1 00, 0.5 mM

EDTA) and finished with 1 0 mL of PBS. Protein was eluted with 1 0 mL of fresh

Elution Buffer (50 mM Tris pH=8.0, 1 0 mM reduced glutathione). Fractions were

analyzed on a 1 2% SDS-PAGE gel. Fractions containing NS1 were then pooled

and dialyzed overnight using NS1 Buffer (25 mM Tris pH=7.5, 25 mM NaCl, 1 0%

Glycerol, 0.25 mM TCEP or 0.5 mM DTT).

PABP1 in the pMCSG26 vector was transformed into Rosetta 2 (DE3)

pLysS cells (Mil l ipore). The cells were grown at 37 ºC in LB-Ampici l l in-

Chloramphenicol to an O.D.600 of 0.6-0.8 and cooled to 1 8 ºC then induced with

0.3 mM IPTG for 1 2-1 6 hours. Cells were pelleted and flash-frozen.

PABP1 -His protein were purified using a modified Ni-NTA purification

protocol. Cells were disrupted in PABP1 Lysis Buffer (25 mM Tris pH=7.5, 250

mM NaCl, 1 0% Glycerol, 5 mM β-Mercaptoethanol, 0.5 mM EDTA, 1 mM PMSF,

0.1 % Triton X-1 00, 5 mM Imidazole) by sonication. Lysate was centrifuge at

20,000 x g for 45 minutes at 4 ºC. Supernatant was incubated with 2 mL of Ni-

NTA beads for 5 minutes on ice. Slurry was poured over a column and washed

with 50 mL of PABP1 Wash Buffer (Lysis Buffer + 20mM Imidazole). Protein was

eluted with PABP1 Elution Buffer (25 mM Tris pH=7.5, 250 mM NaCl, 1 0%

Glycerol, 5 mM β-Mercaptoethanol, 0.5 mM EDTA, 250 mM Imidazole).

Fractions were collected and concentrated using a 1 0K MWCO concentrator unti l

volume was less than 1 mL. Protein sample was fi ltered and ran on a Superdex

1 6/60 200 pg with a flow rate of 1 mL/min using PABP1 Storage Buffer (25 mM

Tris pH=7.5, 250 mM NaCl, 5% Glycerol, 0.25 mM TCEP). Sample peaks were

collected and ran on a 1 0% SDS-PAGE gel to verify purity. Pure fractions were
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pooled and concentrated using a 1 0K MWCO concentrator, al iquoted and flash-

frozen unti l further use. Protein concentration was determined using Bradford

reagent.

3.6.2 - Purifying RNAs for Fluorescence Anisotropy

Fluorescein-labeled RNAs Poly (A)1 8, Poly (C)1 8, Poly (G)1 8, IAV-Sense [5’-

AGCAAAAGCAGG-3’], Control RNA 1 [5’- GCUAUCCAGAUUCUGAUU-3']) and

RK1 [5’-FL-CCAUCCUCUACAGGCG-3’] were purchased from GE Dharmacon.

The RNAs were deprotected and purified using a 1 2% denaturing Urea-PAGE

gel. RNAs were extracted from gels using RNA Elution buffer (0.5 M Sodium-

Acetate [pH=5.2], 0.1 % SDS, 1 mM EDTA) and shook overnight at 4 ºC. Eluted

RNA was added to 3 volumes of 1 00% ethanol and allowed to precipitate for 3

days at -80 ºC. RNAs were centrifuge and rinsed with 70% cold ethanol and

then dried using the speedvac. Samples were resuspended in water and their

concentration was analyzed on a spectrometer.

The M1 RNA (5'-GGUAGAUA-3') was gel purified using a 20% denaturing

Urea-PAGE gel. The RNAs were purified in a similar manner as stated

previously. For anti-sense IAV and anti-sense Control RNA 1 , the RNA was

made by hybridizing two complementary DNA primers with the T7 promoter site

(5’-TAATACGACTCACTATAGAATCAGAATCTGGATAGC-3’) by heating DNA in

50 mM Tris pH=8, 50 mM KCl and 1 mM DTT at 85 ºC for 1 0 minutes and

allowed to slow cool to room temperature. The annealed DNA served as

template for T7 transcription.

CR1 -antisense RNA was synthesized using T7 RNA Polymerase in

Transcription Buffer (40 mM Tris pH=8.0, 20 mM MgCl2, 2 mM Spermidine, 0.1 %

Triton X-1 00) with 5 mM of fresh DTT and 25 mM (total) of fresh NTPs. Reaction
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was incubated overnight at 37 ºC fol lowed by DNAse treatment for 1 hour. RNA

was purified in a similar manner as previously stated.

3.6.3 - Fluorescence Anisotropy Assay

Fluorescence anisotropy studies were performed using a fixed

concentration of fluorescience-labeled RNA with an increasing concentration of

NS1 or PABP1 in Anisotropy Buffer (50 mM Tris pH=8, 50 mM KCl, 50 ng/µL E.

coli tRNA, 1 mM DTT, 0.01 % Tween-20) (Cho 201 2). For the PABP1 anisotropy

experiments, the concentration of RNA was fixed at 5 nM and the concentration

of PABP1 was titrated from 0 to 500 nM. For the NS1 anisotropy experiments,

the concentration of RNA was fixed at 1 0 nM and the concentration of NS1 was

titrated form 0 to 5 µM. Initial anisotropy experiments were performed using a

Fluoromax-P fluorimeter equipped with automatic polarizers (JY Horiba). In

these experiments, 700 µL of sample was placed in a quartz cuvette, excited at

494 nm and the polarized emission at 520 nm was measured with 5 nm band

slits for both excitation and emission. Subsequent anisotropy studies were

performed using a Tecan Safire2 plate reader in a 96-well plate. The 200 µL

sample was excited at 470 nm and the polarized emission at 520 nm was

measured with 1 0 nm band slits for both excitation and emission. The G-factor

(1 .0726) was determined using a control sample with fluorescein-labeled RNA.

The anisotropy values were subtracted from their initial value, plotted and fit to a

quadratic equation to determine KD as described previously (Cho 201 2). All

experiments were performed a minimum of 3 times with different protein batches

to ensure reproducibi l ity.

For double-stranded RNAs, equimolar amounts of sense and anti-sense

RNAs were resuspended in 50 mM Tris pH=8, 50 mM KCl and 1 mM DTT,
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heated to 85 ºC for 2 minutes, then allowed to cool to room temperature. RNA

was then aliquoted and used or frozen unti l needed.

3.6.4 – Gel Shifts Assays

A constant amount of GST-tagged NS1 (5µM) was incubated with

fluorescein-labeled RNA in Anisotropy Buffer to a final volume of 1 1 µL at room

temperature for 1 hour. After incubation, 1 .3 µL of ice-cold 50% glycerol was

added to the mix. The protein-RNA complexes were separated from unbound

RNA by electrophoresis on a 4% non-denaturing gel using 80:1

Acrylamide:Bisacrylamide solution made with 1 X TBK buffer (1 00 mM Tris, pH

=8.3, 89 mM Boric Acid, 30 mM KCl). After a 45 minute pre-run at 4 °C, samples

were loaded and the gel was run at a 300 V constant voltage for 1 .5 hours at 4

°C with buffer recirculation. Temperature was maintained using an Isotemp

1 01 6S. The gel was visualized by scanning on an FLA9500 Typhoon using the

Cy2 emission laser at 600PMT and 50 µm resolution.

3.7 - Results

3.7.1 - PABP1 Binds to Poly (A) but not Poly (C)

We analyzed the binding of PABP1 to Poly (A) to validate the anisotropy

method. Indeed, based on measurements using a fluorometer and a plate

reader, the KD for PABP1 binding to Poly (A) at 2.0 ± 0.5 nM, consistent with

previous results (Görlach 1 994) (Figure 3.3A). As expected, l ittle difference in

anisotropy is seen for PABP1 + Poly (C) (Figure 3.3A). The small difference in

anisotropy compared to Poly (A) means that PABP1 does not bind to Poly (C) in

agreement with previous results (Baer 1 980).
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3.7.2 - NS1 Binds to dsRNA in vitro

To test whether the GST-NS1 construct affects RNA binding, the protein

was incubated with dsRK1 . As expected, the protein binds to dsRK1 with a KD of

1 70 ± 1 7 nM, which is the same binding affinity as previously reported (Cho

201 2) (Figure 3.3B). When tested with dsCR1 , NS1 binds with a KD of 2.4 ± 0.28

µM – over 1 0 times weaker than dsRK1 (Figure 3.3B). Unexpectedly, when NS1

was incubated with dsIAV, no binding occurs (Figure 3.3B).

Non-Denaturing gel-shift assays were used to confirm binding and whether

the RNAs are double-stranded. When the protein+RNA mix was analyzed on a

non-denaturing gel, there is a shift with dsRK1 and dsCR1 but not with dsIAV

(Figure 3.4 A). Therefore, NS1 does not bind to dsIAV using both anisotropy and

gel-shift assays.

Poly (G)1 8, though synthesized as a single-stranded RNA, folds into

secondary structures, notably a G-Quadruplex structure. Previous gel-shift

assays shows that NS1 does bind to Poly (G), however no binding constant was

determined (Qiu 1 994). Anisotropy assay experiments, reveal that NS1 does

bind to Poly (G)1 8 with a KD of 1 .2 ± 0.08 µM (Figure 3.3 B). This binding affinity

is between both dsRK1 and dsCR1 , signifying that NS1 is capable of binding to

G-Quadruplex with about the same affinity as dsRNA. EMSA confirm the results

showing a significant shift in the gel (Figure 3.4 B).

Final ly as a negative control, GST-NS1 -R38A-K41 A double mutant was

incubated with dsRK1 and analyzed on a non-denaturing gel. As expected, the

double-mutant did not show a shift as compared to WT-NS1 , confirming the

importance of those two residues (Figure 3.5).
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Figure 3.3 – PABP1 and NS1 Binding to Short RNAs
(A) Binding of PABP1 to Poly (A)1 8, and Poly (C)1 8. The final concentration

of the RNAs were 5 nM and the final concentration of PABP1 was increased from
0 to 500 nM. The change in anisotropy is shown on the y-axis. KD for PABP1 is
2.0 ± 0.3 nM (B) Binding of GST-NS1 to dsRK1 (KD = 1 70 ± 1 9 nM), dsCR1 (KD =
2.4 ± 0.28 µM), Poly (G)1 8 (KD = 1 .09 ± 0.1 9 µM) and dsIAV, (C) Binding of GST-
NS1 to dsRK1 , M1 RNA, ssIAV, Poly (A)1 8, and Poly (C)1 8. (D) Binding of GST-
NS1 to dsRK1 , ssRK1 and ssCR1 . The final concentration of the RNAs were 1 0
nM and the final concentration of NS1 was increased from 0 to 5 µM.
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Figure 3.4 – Gel Shift Assays with NS1 and small RNAs.
(A) Binding of NS1 to single-stranded CR1 (ssCR1 ), double-stranded CR1

(dsCR1 ), single-stranded RK1 (ssRK1 ), and double-stranded RK1 (dsRK1 ). (B)
Binding of NS1 to Poly (G)1 8, Poly (A)1 8, Poly (C)1 8, M1 RNA, single-stranded IAV
(ssIAV), and double-stranded IAV (dsIAV). “-” and “+” indicate the absence and
presence of NS1 , respectively.
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Figure 3.5 – NS1 -R38A-K41A Does Not Bind to dsRK1
Binding of dsRK1 with GST-WT-NS1 and GST-NS1 -R38A-K41 A double

mutant. “-” and “+” indicate the absence and presence of NS1 , respectively.

3.7.3 - NS1 Does Not Bind to ssRNA in vitro

While it is known that NS1 binds to dsRNA, it has been proposed that NS1

binds to the single-stranded viral 5’-UTR. Though no binding studies have

shown that NS1 binds directly to the 5’-UTR, previous studies showed that NS1

binds to Poly (A) tai ls of mRNA (Qiu 1 994; Marc 201 4).

NS1 was incubated with several ssRNAs: Poly (A)1 8, Poly (C)1 8, M1 , ssIAV,

ssCR1 and ssRK1 ) and anisotropy change was then measured. Surprisingly,

NS1 did not bind to any ssRNAs (Figure 3.3 C, D). In al l cases, the change in
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anisotropy was significantly less than the difference from the highest to the

lowest concentration compared to dsRK1 . Binding of NS1 to Poly (A)1 8 is not

ful ly saturated, therefore no KD can be measured in this concentration range. To

confirm these results, GST-NS1 (5 µM) was incubated with ssRNAs and

analyzed on a non-denaturing gel. As expected, NS1 did not bind to any

ssRNAs (Figure 3.4 B). GST-NS1 did bind weakly to Poly (A)1 8.

3.8 - Discussion

The upregulation of viral mRNAs compared to host mRNAs was thought to

be dependent on NS1 binding to the 5’-UTR. I t is possible that the 5’-UTR and

3’-UTR may form dsRNA segments, though it may not be sufficient to

differentiate between viral and host mRNA. Here, we find that NS1 did not bind

to dsIAV, but it did bind to random sequence dsRNA. As for ssRNA, NS1 did not

bind to any RNA, including poly (A).

These results are surprising since NS1 does bind to dsRK1 and dsCR1 but

not dsIAV. This suggests that although NS1 general ly binds to dsRNAs, it does

not bind to al l dsRNA in vitro. There does not seem to be a correlation between

binding affinity and lengths, since dsRK1 is 1 6 basepairs, dsCR1 is 1 8 basepairs

and dsIAV is 1 2 basepairs. However, there may be a correlation between

binding and distribution of G:C content. Both dsCR1 and dsIAV have a G:C

content of about 40-50%, while dsRK1 has a 63% G:C content which may

explain the binding difference. The dsIAV RNA, however, does not have equal

spatial distribution of G:C content. In the middle of the dsIAV sequence, there

are 4 A:U basepairs which may negatively affect binding to NS1 . How that would

affect binding to NS1 is not known. One possibi l ity may be that the 4 A:U

basepairs lowers the Tm of the RNA resulting in a less stable dsRNA. Since NS1
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did not bind to poly (A) in our experiments, it may be that the 4 A:U basepairs

disrupts NS1 abil ity to bind to the rest of the sequence.

The small shift in poly (A) RNA when incubated with NS1 is different from

what has been published previously (Qiu 1 994). In that report, gel shift assays

were carried-out with a radio-labeled 1 25 nucleotide Poly (A) RNA – which is

nearly 8 times longer than the Poly (A)1 8 used in this study. Additional ly, the

same experiment showed that Poly (G) was able to displace Poly (A) from NS1 .

I t is possible that these results may arise from the difference in Poly (A) length.

Prel iminary anisotropy data from our lab showed that GST-NS1 binds weakly to

Poly (A)1 8 with a KD > 3 µM.

Overal l , this data suggest that the single-stranded 5’-UTR may not be the

sole determinant for NS1 mRNA stimulation, but rather an additional mechanism

is responsible. The short RNA in these anisotropy assay experiments are not

ful ly representative of ful l-length RNA that NS1 encounters during infection. NS1

may bind to unique viral mRNA secondary structures present in ful l-length RNAs

but absent in these short RNAs. To better understand viral and non-viral RNA

differentiation, further studies of NS1 binding to ful l-length authentic viral and

non-viral mRNAs is needed.
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Chapter 4

NS1 Binding To Long RNAs

4.1 - Abstract

RNAs can fold into structures with distinct features. Viral mRNA may fold

into secondary structures that favor NS1 binding. Since anisotropy assays has a

ligand to receptor ratio l imitation, fi l ter binding was used to determine whether

NS1 preferential ly binds to ful l-length viral and non-viral mRNA. Using M mRNA

and Renil la luciferase mRNA including two truncation constructs, M-Del and R-

Del, I show that NS1 does not preferential ly bind to viral mRNA. NS1 binds

relatively weakly to both ful l-length RNAs and strongly to R-Del. These results

suggest that preferential binding to ful l-length viral RNAs is not essential for

translation stimulation.
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4.2 - Introduction

The previous chapter focused on NS1 binding to short single-stranded and

double-stranded RNA. The short RNA substrates may not have the features that

NS1 binds to in vivo. During infection, the vRNP synthesizes the ful l-length viral

mRNA complete with a cap and poly (A) tai l . Once exported, NS1 helps facil itate

translation initiation resulting in efficient synthesis of proteins.

As mentioned in Chapter 3, the M mRNA (~1 080 nucleotides) was selected

as the model viral mRNA due to its association with NS1 during infection (Enami

1 994; Luna 1 995).

For exogenous RNA, the Renil la luciferase mRNA (~970 nucleotides) from

the pRL-nul l vector (Promega Corporation Inc.) was chosen (Figure 4.1 ). The R.

luc gene originates from sea pansy, Renil la reniformis, and has been used

extensively as a reporter gene (Srikantha 1 996). Since IAV is not known to infect

the sea pansy, it serves as a “random” RNA control. There is some evidence

suggesting that during infection NS1 may interact with several host mRNAs

(Bercovich-Kinori 201 6). Selecting an exogenous RNA such as R. luc wil l

prevent any possible native association with NS1 .

Since the ful l-length RNAs are rather large and difficult to synthesize in

sufficient quantities for experimentation, M-Del and R-Del were constructed as

deletion models for viral and non-viral RNAs (Figure 4.2). These constructs are

≈ 1 30-1 50 nucleotide truncations of their respective RNAs. The constructs

include their respective 5’ & 3’-UTRs and 25 nucleotide Poly (A) tai l . Both

contain a truncated open-reading frame that, if translated, both wil l encode a 20

amino acid protein. Since the R. luc RNA was engineered for high protein

expression, it does not have a long 5’ and 3’-UTR. These RNAs wil l be used for

subsequent binding and FRET experiments. Complete RNA sequences are in
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Figure 4.1 – Long RNA Constructs
Four RNAs were constructed for NS1 +RNA binding studies. M mRNA was

used as a model viral RNA while the Renilla luciferase was used as a model

exogenous RNA. The ful l-length M mRNA (M-Full) has its respective 5’-UTR, M1

coding sequence, a 3’-UTR and a 25 nucleotide Poly (A) tai l . R. luc has a short

5’-UTR, a coding sequence, and a 25 nucleotide Poly (A) tai l . Two constructs,

M-Del and R-Del, were created by deleting the majority of their respective protein

coding regions. Both constructs have their respective 5’-UTR, 3’-UTR and Poly

(A) tai l , but encode for a 20 amino acid protein. Both M-Del and R-Del wil l be

used for fi lter binding assays and subsequent experiments.

Appendix 4.

Anisotropy assay is optimized for protein-RNA interactions when the

substrate is significantly smaller than the protein. I f the substrate is too large,

then the rotational mobil ity of the substrate does not change significantly when

bound to protein and an anisotropy change cannot be measured accurately. In

order to study NS1 binding to large RNAs, a different approach is required.

4.3 - Filter Binding Assay

Filter binding al lows KD measurement with a wide range of proteins and

substrates. Instead of using a fluorescent tag, the assay requires a radioactively-
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Figure 4.2 – Overview of Filter Binding Assay
Radiolabeled-RNA is incubated with increasing amounts of protein in a

buffered solution. The mix is then passed through two fi lters, a nitrocellulose

membrane then a nylon membrane. RNA bound to protein wil l bind to the

nitrocellulose membrane which captures all proteins in the mix. Unbound or

excess RNA wil l pass through the nitrocellulose and bind to the nylon membrane

which is designated to capture all nucleic acids. The counts from nitrocellulose

and corresponding nylon membrane is used to calculate the fraction bound (FB).

Fraction bound is then plotted and fitted to a single-site binding equation to

calculate equil ibrium dissociation constant.
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labeled substrate and a fi ltration device. The mixture of protein and radio-

labelled RNA is incubated and then passed through a nitrocellulose membrane

backed by a nylon membrane (Figure 4.2). Al l proteins and protein-RNA

complex wil l attach to the nitrocellulose membrane while al l the unbound RNA

wil l flow through and bind to the nylon membrane. The radioactive counts from

the nitrocellulose membrane and nylon membrane are measured. Fraction

Bound (FB) is the percentage of RNA bound to the protein compared to total RNA

using the equation:

Equation 4.1

CNC and CN represents the radioactive counts from the nitrocellulose

membrane and the nylon membrane, respectively. FB is plotted and fit to a curve

equation to determine KD, which is similar to the method used in anisotropy.

Previous anisotropy experiments used the GST-tagged proteins as it al lows

a wide range of concentration to accurately determine KD. Future FRET

experiments with Cy3-labeled proteins and RNA, however, wil l require an

untagged-version of NS1 . Therefore, an untagged version of NS1 was used for

al l fi l ter binding experiments. Using the pMCSG1 0 vector with NS1 , purified

untagged NS1 was incubated with the four types of radiolabeled RNA to measure

binding.

4.4 - Filter Binding Method

Full-length M, ful l-length R, M-Del, and R-Del were synthesized and gel-

purified as described in Chapter 3. 50 pmoles of each RNA were treated with

rSAP (NEB) for 1 hour at 37 ºC and heat inactivated for 1 5 minutes at 65 ºC.
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The reaction was then supplemented with DTT and 1 0 µCi of [γ-32P]-ATP and

incubated with T4 PNK (NEB) for 1 hour at 37 ºC. RNA was then purified using

Norgen RNA Clean-up kit. A 1 µL sample was taken and read on a scinti l lation

counter.

A constant amount of cold and hot RNAs (1 000-2000 cpm, approximately 5

nM) were heated to 65 ºC and allowed to slow-cool to room temperature in Filter

Binding Buffer (50 mM Tris pH=8, 50 mM KCl, 50 ng/µL E. coli tRNA, 50 ng/µL of

BSA, 5 mM MgCl2, 1 mM DTT, 0.01% Tween-20). Twenty-seven microl iters of

RNA + Filter Binding Buffer was added to 3 µL of increasing amounts of

untagged NS1 and incubated for 1 hour at room temperature. Samples were

then passed using a 96-well fi l ter manifold (Schleicher & Schuell) through a

nitrocellulose membrane (Spectrum Laboratories) and a Hybond-N+ nylon

membrane (Amersham). Wells were washed three times with 1 00 µL of wash

buffer (50 mM Tris pH=8, 50 mM KCl, 5 mM MgCl2, 1 mM DTT, 0.01% Tween-

20). Membranes were dried and exposed to a Phosphoimager screen and read

using a Typhoon Scanner (GE). Data was analyzed using QuantityOne (Bio-

Rad) to calculate counts from the nitrocellulose membrane (CNC) and from the

Nylon membrane (CN). Fraction Bound (FB) was calculated using the equation

4.1 . Values were then plotted and fitted to a quadratic equation to determine the

KD.

4.5 - Results

For a positive control, increasing amounts of PABP1 was incubated with a

constant amount of radio-labeled M-Del and R-Del (0.5 nM). As expected,

PABP1 bound to both M-Del (KD = 5.4 ± 0.3 nM) and R-Del (KD = 2.1 ± 0.2 nM)

with high affinity confirming anisotropy assay results (Figure 4.3).
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Figure 4.3 – PABP1 Binds to M-Del and R-Del
Binding of PABP1 to M-Del and R-Del mRNAs. (A) 5’-[32P]-labeled M-Del

and R-Del mRNAs were incubated with increasing concentration of PABP1 and

the samples were fi ltered through a nitrocellulose membrane (top), and a nylon

membrane (bottom). The two rows for each RNA represents experiments done

in duplicate. Numbers represent PABP1 concentration: 0 = 0 nM 1 = 0.1 nM, 2 =

1 nM, 3 = 2.5 nM, 4 = 5 nM, 5 = 1 0 nM, 6 = 25 nM, 7 = 50 nM, 8 = 1 00 nM. (B)

Binding curves for M-Del (KD = 5.4 ± 0.3 nM) and R-Del (KD = 2.1 ± 0.2 nM).

Error bars represent the standard deviation from two, independent experiments.
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Figure 4.4 – NS1 Does Not Preferentially Bind to Viral mRNAs
Binding of NS1 to M-Del and R-Del mRNAs. (A) 5’-[32P]-labeled M-Del and

R-Del mRNAs were incubated with increasing concentration of NS1 and the

samples were fi ltered through a nitrocellulose membrane (top), and a nylon

membrane (bottom). The two rows for each RNA represents experiments done

in duplicate. Numbers represent NS1 concentration: 0 = 0 nM 1 = 2.5 nM, 2 = 25

nM, 3 = 50 nM, 4 = 1 00 nM, 5 = 250 nM, 6 = 500 nM, 7 = 1 µM, 8 = 2.5 µM. (B)

Binding curves for M-Del (KD = 1 085 ± 230 nM) and R-Del (KD = 72 ± 7 nM). (C)

Binding of NS1 to M-Full (KD = 720 ± 90 nM) and R-Full (KD = 642 ± 62 nM)

mRNAs. Experiments were performed as described in (A). (D) Binding curves

for M-Full and R-Full . Error bars represent the standard deviation from two,

independent experiments.
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Increasing amounts of untagged NS1 were incubated with a constant

amount of radioactive RNA (0.5 nM to 1 0 nM). Due to aggregation, a maximum

of 2.5 µM (final) of NS1 was used for these experiments.

Figure 4.4 shows an increase in radioactive signal from the nitrocellulose

membrane for both M-Full and R-Full . No visible decrease is seen with the nylon

membrane, however, there is a decrease when quantified. The KD for NS1 to M-

Full is 720 ± 90 nM and 642 ± 62 nM for R-Full . NS1 binds weakly to the large

RNAs compared to dsRK1 (Cho 201 2). This would suggest that NS1 does not

preferential ly bind to ful l-length viral mRNA compared to non-viral mRNA.

The two radioactively-labeled deletion mutants, M-Del and R-Del, were

incubated with increasing amounts of NS1 (Figure 4.4 C, D). Interestingly, while

the KD did not significantly shift for M-Del (1 085 ± 230 nM) as compared to M-

Full , it did decrease significantly for R-Del (72 ± 7 nM) as compared to R-Full .

The 1 0-fold increase in binding affinity is particularly interesting as it is a non-viral

gene, but partial deletion of the protein coding sequence resulted in stronger

binding.

4.6 - Discussion

One of the key points in preferential translation by NS1 is its abil ity to

exclusively bind to ful l-length viral mRNA in vivo. However, in vitro anisotropy

and fi lter binding studies have shown that this may not be valid. Ful l-length viral

and non-viral mRNAs bind to NS1 without any significant difference in binding

affinity. While the deletion constructs (M-Del and R-Del) do show a difference in

NS1 binding, it demonstrated that NS1 can bind to RNA without any sequence

requirements.

Given their size, it is currently impossible to predict a secondary structure
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for M-Full and R-Full . Secondary structure-prediction analysis using mFold

resulting in over 30 different structures with no consensus. The secondary

structure can identify potential NS1 binding sites present in RNAs such as long,

double-stranded RNA regions. Secondary structure analysis of M-Del and R-Del

using mFold does not show any obvious difference in structure (Zucker 2003)

(Figure 4.5 and 4.6). M-Del and R-Del both form several stems and loops, which

may include non Watson-Crick basepairs. The key difference between the two

structures is a 8 basepair stem segment with relatively high G:C content present

in R-Del (Figure 4.6). M-Del, however, only has a 6 basepair stem with about

50% G:C content (Figure 4.5). There is another stem-loop located at the 5’-UTR

of M-Del. However, there are more than one non-Watson-Crick basepairs in that

stem-loop which may interfere with NS1 binding. The 8-bp segment present in

R-Del may explain the higher binding affinity associated with NS1 . An anisotropy

experiment with a fluorescein labeled stem-loop region can complement the

secondary-structure analysis.

RNA has the abil ity to fold into unique secondary and even tertiary structure

depending on the conditions. I t is possible that the annealing conditions for ful l-

length RNAs before incubating with protein may not be sufficient for proper

native folding. The ful l-length in vitro mRNAs may not have the same in vivo

conformation. During the refolding procedure, some RNAs may fold into the

structures as found in viral mRNAs, though some may fold into a local low-

energy minimum conformation. Native purification of RNA may be required to

determine whether NS1 does indeed bind to a unique secondary structure only

found in viral mRNA.

Though NS1 may not have a preference for RNA sequence origin, the

difference in binding affinities may sti l l affect how it interacts with PABP1 .

51



Figure 4.5 – Comparison of M-Del Secondary Structures Using
mFold

Two structures are produced when analyzed using mFold. Structures only

differ near the 5’-UTR from about nucleotides 1 5 to 40. The stem-loop in the

upper-center may be the site for NS1 binding.
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Figure 4.6 – Comparison of R-Del Secondary Structures Using
mFold

Two R-Del structures are calculated when using mFold. The two structures

differ significantly from the 5’ and 3’ UTR ends, however both have a stable

stem-loop formation in the upper-center. The long stem-loop in the upper-center

may be the NS1 binding site.
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Chapter 5

RNA Modulates the Interaction
Between NS1 and PABP1

5.1 - Abstract

NS1 has been shown to bind to several proteins involved in mechanisms

ranging from DNA processing to translation initiation. Studying the interactions of

NS1 with PABP1 may lead to a better understanding of how NS1 stimulates

translation initiation. FRET allows the quantitative measurement of binding

affinity of the two proteins in the presence and absence of RNA. NS1 binds to

PABP1 with high affinity (KD = 1 9 ± 5 nM) which signifies the importance of this

interaction to IAV for translation stimulation. However, in the presence of RNA,

notably Poly (A) and R-Del, the interaction between NS1 and PABP1 is

significantly weakened. In the presence of Poly (C) and M-Del, the interaction is

mildly weakened. These results provide further understanding of the NS1 and

PABP1 interaction during infection.
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5.2 - Introduction

Several different viruses have successful ly hi jacked the translation system

in order to prevent host mRNA translation. IAV uti l izes NS1 in order to evade the

host defense mechanism and interacts with PABP1 and eIF4G. I t is unknown

how NS1 interacts with PABP1 in the presence of viral mRNA. In addition, it is

unclear whether viral mRNA strengthens the interaction between NS1 and

PABP1 in order to form a stronger “closed-loop” mRNA structure, which may

allow multiple turnovers of ribosomal recruitment.

Chapters 3 and 4 explored the relationship between NS1 and different

RNAs showing that NS1 does not preferential ly bind to viral mRNAs as

compared to host mRNAs. To better understand the interaction between NS1

and PABP1 , a Förster-Resonance Energy Transfer (FRET) based assay was

developed to monitor the interaction.

FRET assay allows the precise quantification of protein-protein interactions

over a wide range of distances. FRET functions by attaching one dye to each

protein, in this case NS1 with Cy3 (the donor dye) and PABP1 with Cy5 (the

acceptor dye). These two commonly used FRET-pair dyes can function with

distances ranging from 50-1 00 Å. In isolation, the two dyes wil l have their

respective maximal λEX and λEM where λ represents the maximal wavelength of

the excitation or emission, respectively. However, the emission wavelength is

not discrete, rather the dye has a range of emissions. For example, the free Cy3

dye has a λEM of 570 nm, but ranges from 560- to about 650 nm. When the two

dyes are in close proximity the donor transfers energy to the acceptor dye,

thereby exciting the acceptor dye and emitting l ight in a different wavelength.

The emission of the acceptor dye then can be detected and measured (Figure

5.1 ). Therefore, it is important that the two emission/excitation ranges are
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compatible for the two dyes in a wide range of distances.

The emission of the acceptor dye and the emission of the donor dye, is

measured to calculate the FRET efficiency (EFRET). The EFRET values are then

plotted and fitted to a quadratic equation to determine KD.

Purified protein is labeled using a maleimide Cy3 or Cy5 dye by bonding

with free sulfhydryl groups. NS1 has two cysteines to which the dyes can attach,

C1 3 and C11 6, located in the RBD and ED, respectively. Two NS1 constructs

were made, each containing single cysteine mutation. The NS1 -C11 6S protein is

not readily soluble in solution, unl ike the C1 3S mutant. Therefore, the NS1 -

C1 3S mutant was chosen for FRET studies. PABP1 contains four cysteines

numbered as fol lowing: C42, C1 28, C1 32, and C339. All of those cysteines are

located in the RRMs, however, C339 was chosen as it is the nearest cysteine to

where NS1 binds (Burgui 2003). All other cysteines were mutated to serines

creating a single-cysteine PABP1 (SC-PABP1 ).

Some mutations can change the structure and function of a protein. Before

studying the interaction between NS1 and PABP1 , the effects of these single-

cysteine mutants were first studied. Therefore, the two mutants, NS1 -C1 3S and

SC-PABP1 were tested for RNA binding before proceeding with FRET studies.

5.3 - Methods

5.3.1 - Cloning and Mutagenesis

The GST-C1 3S mutant was constructed by site-directed mutagenesis using

the Quickchange protocol. For expression of an untagged protein, the genes

were subcloned into the pMCSG1 0 vector that contains a cleavable 6X His-

tagged GST protein. The 6X His-tagged GST can be cleaved using Tobacco

Etch Virus (TEV) protease site via LIC (Eschenfeldt 2009).
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The single-cysteine PABP1 (SC-PABP1 ) mutant was created in two steps

using site-directed mutagenesis. The cysteine at position 42 was first mutated to

serine, then C1 28 and C1 32 were both mutated to serines. The last cysteine at

position C339 was left intact as it is the closest cysteine to the homodimerization

domain. All plasmids were verified through DNA sequencing.

5.3.2 - FRET Assay Method

Untagged NS1 -C1 3S and tagged scPABP1 -His were purified as explained

in Chapter 3. NS1 and PABP1 were labeled using Cy3-maleimide and Cy5-

maleimide (GE Bioscience) according to manufacturer’s instructions and

previous studies (Chen 201 4). Briefly, proteins were incubated at room

temperature for 20 minutes and spot-checked for pH of 7.0-7.3. Dyes were

resuspended in 50 µL of DMF and added to the proteins. The reaction tube was

flushed with Nitrogen to create oxygen-free environment. Reactions were

incubated at room temperature for 2 hours on a rotator then placed at 4 ºC

overnight. Biospin 6-Tris columns (Bio-Rad) was used to separate the protein

from most of the uncoupled dye. Flow-through was then dialyzed against their

respective storage buffers overnight at 4ºC. Proteins were concentrated and

checked for labeling efficiency and concentration. Samples were aliquoted and

flash-frozen unti l further use.

An increasing amount of SC-PABP1 -His-Cy5 was titrated into 1 2.5 nM of

NS1 -C1 3S-Cy3 in FRET buffer (50 mM Tris pH=8, 50 mM KCl, 5 mM MgCl2, 1

mM DTT ) and incubated for 1 hour at room temperature, Samples were excited

at 545 nm and scanned from 560 to 720 nm with 5 nm slit bandwidth.

Background emissions scPABP1 -His-Cy5 samples were collected at the same

excitation and emission. Counts-per-second (CPS) at 564 nm (Cy3 maximal
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Figure 5.1 – Overview of Förster Resonance Energy Transfer
(FRET)

Single-cysteine NS1 and PABP1 are labeled with Cy3 and Cy5,
respectively. The NS1 -C1 3S-Cy3 (Donor dye) is excited at 545 nm wavelength.
The emission intensity is measured from 560-720 nm in the absence of PABP1 .
PABP1 (acceptor dye) is incubated at increasing concentrations and excited at
545 nm. When the two proteins bind, the emission of Cy3 transfers the energy
as excitation wavelength for Cy5 resulting in a decrease in Cy3 emission (565
nm) and an increase in Cy5 emission (667 nm). The intensity of the donor and
acceptor dye emissions are then measured and used to calculate the FRET
efficiency (EFRET). The EFRET values are plotted and fitted to a curve to determine
equil ibrium disassociation constant.

emission) and 667 nm (Cy5 maximal emission) were used to calculate EFRET

using the equation: EFRET= [IA/(IA+ID)] x 1 00 where IA is the intensity of acceptor

(SC-PABP1 -His-Cy5) and ID is the intensity of donor (NS1 -C1 3S-Cy3). Values

were then plotted and fitted to determine KD.

For FRET with the model RNAs, M-Del and R-Del were pre-incubated with

Binding Buffer, heated to 65 ºC and slow cooled to room temperature. The

mixture was then mixed with appropriate amounts of NS1 -Cy3 and PABP1 -Cy5.

Samples were incubated for 1 hour at room temperature and then measured.
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5.4 - Results

5.4.1 - NS1 -C1 3S and SC-PABP1 Bind to RNA with Similar
Affinity as Their Respective Counterparts

To determine whether the three cysteine to serine mutations impairs SC-

PABP1 ’s abil ity to bind to Poly (A) RNA, fluorescence anisotropy assay was used

as described previously. Increasing amounts of SC-PABP1 was titrated with

constant amount of Poly (A)1 8-FL. The mutant binds to Poly (A)1 8-FL with a KD of

5.1 ± 0.6 nM (Figure 5.2A). Since both KD for the WT and SC are about 5 nM, it

can be concluded that the mutations do not affect binding affinity for poly (A)

RNA.

GST-NS1 -C1 3S was titrated to a constant amount of fluorescein-labeled

RNA. Identical to WT-NS1 , the C1 3S mutant did not bind to Poly (C)1 8, ssM1 ,

ssIAV, ssRK1 and ssCR1 and binds weakly to Poly (A)1 8 (Figure 5.2 C, D). For

the dsRNAs, the C1 3S mutant did bind to dsRK1 , dsCR1 , but not to dsIAV

(Figure 5.2 B). Compared to the WT-NS1 , the C1 3S mutant bound to dsRK1

with greater affinity (KD = 70 ± 7 nM) and nearly 1 0 times stronger affinity to

dsCR1 (KD = 350 ± 50 nM). As for Poly (G)1 8, the protein bound with an affinity

half as strong as WT (KD = 600 ± 50 nM). Gel shift assays were ran and

compared to WT-NS1 to confirm the results (Figure 5.3 A, B).

To test whether the binding phenomenon is restricted to short dsRNAs, both

SC-PABP1 and untagged NS1 -C1 3S mutant was titrated with a constant amount

of radioactively-labeled M-Full , R-Full , M-Del and R-Del. Similar to WT, the

C1 3S mutant binds to M-Full and R-Full with equal affinities (KD = 974 ± 64 nM

and 1 460 ± 11 8 nM, respectively) (Figure 5.4 A, B). Like WT, the C1 3S mutant

binds differently to M-Del than R-Del (KD = 689 ± 1 03 nM, and 11 0 ± 20 nM,
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Figure 5.2 – Single-Cysteine Mutations Do Not Affect
RNA Binding

(A) SC-PABP1 binding to Poly (A)1 8. Anisotropy values were plotted and
fitted to a quadratic equation. KD = 5.1 ± 0.6 nM. (B) GST-NS1 -C1 3S binding to
dsRK1 , dsCR1 , dsIAV and Poly (G)1 8 in Anisotropy Buffer. KD is 70 ± 7 nM for
dsRK1 , 350 ± 50 nM for dsCR1 and 600 ± 50 nM for Poly (G)1 8. No binding is
observed for dsIAV. (C and D) GST-NS1 -C1 3S binding to ssM1 , ssIAV, Poly
(A)1 8 in (C) and ssCR1 , ssRK1 in (D). No binding is observed for any of the
single-stranded viral and non-viral RNAs. Weak binding is observed for Poly
(A)1 8. Al l data represents average of 3 independent replicate with different
protein batches to ensure reproducibi l ity. Error bars represent SD.
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Figure 5.3 – NS1 -C1 3S Mutation Does not Affect RNA Binding.
(A) Binding of GST-WT-NS1 , GST-NS1 -C1 3S and GST-NS1 -R38A-K41 A to

double-stranded CR1 (dsCR1 ) and double-stranded RK1 (dsRK1 ). (B) Binding
of NS1 to Poly (G)1 8, Poly (A)1 8, Poly (C)1 8, M1 RNA, single-stranded IAV (ssIAV),
and double-stranded IAV (dsIAV). “-” and “+” indicate the absence and presence
of NS1 , respectively.

respectively) (Figure 5.4 C, D). However, the difference in binding of the same

RNAs between WT and C1 3S is not significant. Both NS1 constructs bind

weakly to the ful l-length viral and non-viral RNAs, but strongly to the deletion

mutants. Similarly, the SC-PABP1 mutant binds to M-Del and R-Del with high

affinity (KD = 6.8 ± 0.7 nM, and 3.0 ± 0.3 nM, respectively) (Figure 5.5 A,B).
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Figure 5.4 – NS1 -C1 3S Does Not Preferentially Bind to Viral RNA
Gel purified M-Del and R-Del were 5’-end labeled with [32P]-ATP. RNAs

were then incubated with an increasing amounts of untagged NS1 -C1 3S.
Numbers represent NS1 concentration: 0 = 0 nM 1 = 2.5 nM, 2 = 25 nM, 3 = 50
nM, 4 = 1 00 nM, 5 = 250 nM, 6 = 500 nM, 7 = 1 µM, 8 = 2.5 µM. Samples were
then passed and washed through nitrocellulose membrane (upper half ofA) then
to a Nylon membrane (lower half of A). Membranes were dried and exposed to
a phosphoimager screen and then scanned and quantified. Fraction Bound (FB)
was calculated and fitted to a quadratic equation (B). The KD for M-Del is 689 ±
1 03 nM (Blue) and 11 0 ± 20 for R-Del (Blue). The same procedure was done
with gel-purified M and R Full RNA (C and D). KD for M-Full is 974 ± 64 nM
(Red) and 1 460 ± 11 8 nM for R-Full (Blue). Data represents average of 2
independent replicates. Error bars represent SD.
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Figure 5.5 – SC-PABP1 Binds to M-Del and R-Del

Gel purified M-Del and R-Del were 5’-end labeled with [32P]-ATP. RNAs
were then incubated with an increasing amounts of SC-PABP1 . Numbers
represent NS1 concentration: 0 = 0 nM 1 = 0.1 nM, 2 = 1 nM, 3 = 2.5 nM, 4 = 5
nM, 5 = 1 0 nM, 6 = 25 nM, 7 = 50 nM, 8 = 1 00 nM. Samples were then passed
and washed through nitrocellulose membrane (upper half ofA) then to a Nylon
membrane (lower half ofA). Membranes were dried and exposed to a
phosphoimager screen and then scanned and quantified. Fraction Bound (FB)
was calculated and fitted to a quadratic equation (B). The KD for M-Del is 6.8 ±
0.7 nM (Red) and 3.0 ± 0.3 nM for R-Del (Blue). Data represents average of 3
independent replicates. Error bars represent SD.
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5.4.2 - NS1 Binds to PABP1 With High Affinity

Based on a series of titration experiments, 1 2.5 nM of NS1 -C1 3S-Cy3 was

incubated with SC-PABP1 -Cy5 for 1 hour in FRET Buffer. Samples were then

read on a fluorometer with increasing concentration of SC-PABP1 -Cy5. Figure

5.6 A shows typical FRET assay results when the protein mixture was excited at

545 nm and emission was scanned from 560 to 720 nm. Note that the decrease

in Cy3 signal around 560 and an increase in Cy5 signal around 660 nm. The

intensity (counts-per-second [CPS]) was measured at 564 nm for Cy3 and 667

nm for Cy5. Counts from the buffer and SC-PABP1 -Cy5 were subtracted from

the raw CPS. The EFRET values were calculated, plotted and fitted to a quadratic

equation. The KD for the NS1 -PABP1 interaction in the absence of RNA is 1 9 ± 5

nM, indicating strong binding between the two proteins (Figure 5.6 B).

5.4.3 - RNA Modulates the Interaction Between NS1 and PABP1

In order to test how RNA modulates this interaction, the proteins were

incubated with 25 nM of Poly (A)1 8-FL as poly (A) is PABP1 ’s target but not NS1 .

Unexpectedly, the KD shifts to over 1 70 nM, indicating that poly (A) alone

significantly decreases the binding affinity between NS1 and PABP1 (Figure 5.6

C). In the presence of 25 nM Poly (C)1 8-FL the KD shifts from 1 9 ± 5 to 45 ± 1 9

nM (Figure 5.6 C). This effect may be due to the oligomerization of PABP1 in the

presence of poly (A) as shown in crystal structures (Deo 1 999). The

oligomerization may occlude the NS1 binding site. However, these RNAs are not

typical and do not interact with NS1 and PABP1 during infection unless as part of

a larger RNA.

In order to test whether NS1 -PABP1 is modulated by viral and non-viral
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Figure 5.6 - Binding of NS1 to PABP1 Monitored Using a
FRET Assay

(A) Emission spectrum showing the changes in fluorescence intensity
because of NS1 binding to PABP1 . NS1 was labeled with Cy3 and PABP1 was
labeled with Cy5. Red trace, NS1 -Cy3 only control reaction; blue trace, PABP1 -
Cy5 only control reaction; green trace, NS1 -Cy3 mixed with PABP1 -Cy5. The
samples were excited at 545 nm and the fluorescence emission intensity from
560 nm to 720 nm was monitored. The binding of NS1 to PABP1 results in
increased emission at 665 nm because of FRET. (B) Binding curve for NS1
binding to PABP1 . The x-axis shows the concentration of PABP1 and the y-axis
shows the FRET efficiency (EFRET) in %. The error bars represent the standard
deviation from four independent experiments. (C) Binding curve for NS1 binding
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Figure 5.6 - Continued
to PABP1 in the presence of 25 nM Poly (A)1 8, and 25 nM Poly (C)1 8. The error
bars represent the standard deviation from three independent experiments. (D)
Binding curve for NS1 binding to PABP1 in the presence of 250 nM M-Del, and
250 nM R-Del. The error bars represent the standard deviation from two
independent experiments.

RNA, the proteins were incubated in the presence of 250 nM of purified M-Del

and R-Del. The high concentration al lows the saturation of PABP1 binding sites

and sufficient RNA for NS1 binding. Surprisingly, M-Del shifted the KD to 50 ± 1 9

nM, which is about the same extent seen for poly (C)1 8 (Figure 5.6 D). When

incubated with R-Del, an RNA that both NS1 and PABP1 bind with high-affinity,

the KD shifts to over 1 60 nM (Figure 5.6 D). These differences show that, in

general, RNA modulates the interaction between NS1 and PABP1 , but certain

RNA can significantly weaken the interaction (Figure 5.7).

5.5 - Discussion

Several proteins that are involved in translation initiation are possible

targets for NS1 . Whether NS1 binds to al l proteins with equal affinity in the

presense of viral mRNA is not known. Here, I developed a FRET-based assay to

show that NS1 binds to PABP1 , a protein that is part of mRNA translation

initiation complex, with high affinity. Since NS1 has been shown to stimulate

ribosomal loading, the strong binding to PABP1 signifies the importance of this

function.

No other studies have determined the binding affinities of NS1 with proteins.

All previous work of NS1 binding to proteins use qualitative methods such as

pull-downs or co-IP assays. The use of quantitative methods have enabled us to

study how much certain agents affect the interaction between NS1 and PABP1 .
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Figure 5.7 - Binding of NS1 , PABP1 , and RNA Using EMSA
(A) GST-NS1 and mutant proteins were incubated with 2 molar excess of

PABP1 with saturating amount of dsRK1 . Note the decrease in intensity in lane
4 where the dsRK1 ·GST-NS1 complex forms compared to lane 3. (B) Increasing
amounts of GST-NS1 from 0 to 40 µM was incubated with 2 molar excess of
PABP1 with constant amount of Poly (A)1 8.
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Though the NS1 -PABP1 interaction is strong, it does have a low saturating

EFRET value around 1 0%. The low-EFRET value indicates that the two

fluorophores, Cy3 and Cy5, are significantly distant from each other. In FRET,

the farther the two dyes are from the R0, or the distance in which 50% of the

transfer occurs, the lower the percent energy transfer. Cy3 is located in the ED

of NS1 which is distant from the RBD. The position of Cy5 in PABP1 is close to

the homodimerization domain, where NS1 binds, but it may not be sufficient for

high energy transfer (Burgui 2003). With this information, it would be ideal to

study a single-cysteine mutant version of NS1 with high solubil ity and a cysteine

located in the RBD in order to achieve a higher energy transfer. Likewise, having

a cysteine in the PABP1 homodimerization domain may help with the energy

transfer.

Both NS1 and PABP1 are RNA-binding proteins which is essential for their

respective function. The poly (A) RNA substrate al lowed the study of how

PABP1 ’s target, but not NS1 ’s, affects its abil ity to modulate the interaction. In

this case, when the two proteins are incubated in the presence of poly (A), the

EFRET value increases but does not saturate. In fact, it continues to increase as

the concentration of PABP1 increases. The maximal EFRET obtained at the

highest concentration of PABP1 is 20% which is nearly twice the EFRET value

compared without RNA (Figure 5.6 B, C). This would signify that more PABP1 is

required to ful ly saturate al l the available emission of NS1 . The higher EFRET

value means that more energy is being transferred to the Cy5 dye which may

result from the two fluorophores coming to closer proximity. When PABP1 binds

to poly (A) RNA, it is known to oligomerize resulting in higher-level structures in

solution (Deo 1 999). The oligomerization in the homodimerization domain may

result in closer, but weaker interaction between NS1 and PABP1 . Alternatively, it

could be that fewer, freely available PABP1 proteins are available to interact with
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NS1 .

Poly (C) is not a target of either protein, therefore it should not modulate the

interaction between NS1 and PABP1 . Interestingly, incubating the proteins with

poly (C) RNA produces a small change in KD. The FRET efficiency saturates

around 1 0% around 1 00 nM of PABP1 concentration, which is about the same as

without RNA (Figure 5.6 B, C). Though the calculated KD is 45 ± 1 9 nM, I

conclude that no significant modulation occurs when incubated with poly (C)

RNA.

Poly (A) and poly (C) RNAs are not typical RNAs that NS1 and PABP1

would encounter during infection. Both NS1 and PABP1 encounter ful l-length

processed RNAs complete with a cap and poly (A) tai l during infection. Although

the RNA used in the study do not have a cap, the RNAs are tai led and

representative of RNAs that the two proteins would encounter. Moreover, the

cap-binding protein, eIF4E has not been shown to bind to either protein (Burgui

2007). Therefore, the interaction of NS1 and PABP1 in the presence of longer,

viral and non-viral mRNA is important to understand the interaction between the

two proteins.

NS1 and PABP1 were incubated with saturating amounts of M-Del and R-

Del to investigate how the interaction is modulated by authentic RNAs.

Interestingly, when NS1 -PABP1 were incubated with R-Del we see the same

effect as with poly (A) RNA (Figure 5.6 D). Similarity, when NS1 -PABP1 were

incubated with M-Del a similar effect is seen as poly (C) RNA (Figure 5.6 D).

While the length is sl ightly different between the RNAs, and M-Del having a ful l 5’

and 3’-UTR, the RNAs differ in sequence.

Unlike PABP1 , NS1 binds to M-Del and R-Del with different affinities (Figure

4.4 and 5.3). R-Del being a stronger binding substrate than M-Del, may explain

the different FRET results. NS1 may be in constant equil ibrium between PABP1

72



and R-Del in solution since the respective KD differs less than one order of

magnitude. This would mean that NS1 requires more PABP1 to saturate as

PABP1 is competing with R-Del. Similarity, PABP1 binding to the poly (A) tai l of

R-Del mRNA and oligomerizing may affect its binding with NS1 .

As with the case of M-Del, NS1 preferential ly binds to PABP1 over M-Del

since the KD between the two substrates are significantly different. Why M-Del

does not significantly change the EFRET is not known. Unlike with poly (A), the

saturating EFRET value for M-Del is about 8% which is different from the 20%

seen with poly (A). Based on the results with M-Del, I conclude that M-Del does

not significantly weaken the NS1 -PABP1 interaction.

Further experiments using NS1 -exclusive binding substrates, such as

dsRK1 would show whether RNA and PABP1 binding is mutually exclusive. To

conclusively show that binding of NS1 to RNA does indeed affect its interaction

with PABP1 , an RNA binding-deficient mutant is necessary. The NS1 -C1 3S-

R38A-K41 A would first need to be tested that the additional mutations do not

affect its binding to PABP1 . The mutations would also determine whether RNA

can modulate the interaction even if NS1 is not able to bind to the RNA.

Preliminary experiments using gel-shift assays have shown that the binding

of NS1 to double-stranded RNA and PABP1 may be mutually exclusive (Figure

5.7). The same result is seen when NS1 is incubated with PABP1 with

increasing amounts of Poly (A)1 8. These gel-shift assay results complement the

FRET assay results.

Most importantly, the FRET assay results suggest that NS1 -PABP1

interaction is, in fact, weakened in the presence of RNA. In the context of IAV

infection, how does this information result in the stimulation of viral mRNA is not

known. For future studies, it would be beneficial to study the NS1 -PABP1 in the

presence of both eIF4G and RNA. eIF4G in the reaction may ameliorate or
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stabil ize the interaction between NS1 and PABP1 in the presence of RNA since it

may be the “missing l ink” between NS1 and PABP1 for closed-loop formation.

Additional ly, including other types of RNA, such as ful l length mRNAs or

dsRNAs, could further elucidate how RNA modulates the interaction between

NS1 and PABP1 .
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Chapter 6

Conclusions

The current translation stimulation model is that NS1 specifical ly binds to

conserved sequences in the viral mRNAs and strengthens the interaction

between PABP1 and eIF4G. I t was first hypothesized that unique sequences in

viral mRNA, notably the M1 5’-UTR, were essential for translation stimulation by

NS1 (Enami 1 994; Luna 1 995). Specific translation stimulation of viral mRNAs

and not host mRNAs would al low the virus to avoid activating the host immune

response. While some studies hypothesized that the phenomenon is

independent of the 5’-UTR (Cassetti 2001 ), no conclusive evidence was

published at the start of the project.

Drug and vaccine development rel ies on identifying a pathway which can be

exploited to prevent and treat viral infection. Discrepancies in the mechanism of

viral infection may hinder future drug development. Therefore, it is important to

understand the mechanism of infection to advance treatment of a disease.
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Several different approaches can be used to study the stimulation of viral

mRNA by NS1 . I uti l ized biochemical and biophysical methods to study the

interaction between NS1 and PABP1 with RNA. These methods allow the

precise study of NS1 binding without several other factors or events that occurs

during IAV infection.

6.1 – NS1 Does Not Preferentially Binds to Viral RNA

Using anisotropy assays with purified WT-NS1 and NS1 -C1 3S proteins, I

discovered that NS1 general ly binds to dsRNA, but does not bind to al l dsRNAs.

NS1 binds to non-viral dsRK1 and dsCR1 , but not viral dsIAV. I t is possible that

NS1 can bind to the ful l single-stranded or double-stranded 5’-UTR of M mRNA

(~23 bp), however, there is no data that M mRNA is double-stranded at the 5’-

UTR.

My anisotropy assay experiments concluded that NS1 did not bind to any

ssRNAs. Lack of NS1 binding to viral and non-viral ssRNA signifies that NS1

binding to the single-stranded 5’-UTR is not the sole determinant for stimulation

of viral mRNA. I conclude that since NS1 does not bind to the single-stranded 5’-

UTR of mRNA, it is not the sole determinant for preferential translation.

The 5’-UTR of mRNAs are not ful ly representative of the whole mRNA,

therefore ful l-length and truncations of viral and non-viral mRNA were

constructed. Unlike anisotropy assay, fi lter binding assay can determine the

binding affinities between a wide range of protein and substrates. Fi lter binding

assay data concluded that NS1 does not preferential ly bind to viral M-Full mRNA

as compared to exogenous non-viral R-Full mRNA. Some preferential binding is

observed for R-Del as compared to M-Del, which is contrary to what has been

hypothesized. R-Del may fold into favorable double-stranded RNA segments
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that are unavailable for M-Del. With this data, in conjunction with the anisotropy

assay results, I conclude that NS1 does not preferential ly bind to viral mRNA as

compared to non-viral mRNA.

6.2 – NS1 Binds to PABP1 with High Affinity

Even if NS1 does not exclusively stimulate translation of viral mRNA, it has

been shown to stimulate translation initiation. One possible mechanism is

through its interactions with PABP1 and eIF4G. Strengthening the interaction

with PABP1 and NS1 in the presence of viral mRNA could be adequate to

simulate initiation. FRET assay results reveal that NS1 binds strongly to PABP1 ,

indicating the importance of this interaction. The two proteins are capable of

binding in the absence of RNA, as shown here and mentioned previously (Burgui

2003).

When incubated with RNA, the interaction between NS1 and PABP1 is

weakened. Both Poly (A) and R-Del significantly weakened the interaction, while

interactions with Poly (C) and M-Del mildly modulate the interaction. These

results, taken together demonstrate that the previous model is no longer

applicable (Smith 2008).

A new model would show that NS1 does not exclusively stimulate

translation of viral mRNA; NS1 would be a general translation stimulant. I t may

sti l l function through a PABP1 -eIF4G mediated interaction, but without RNA

binding by NS1 . More studies are required in order to conclusively determine the

exact mechanism of translation stimulation by NS1 .

6.3 - Recent Research on NS1

During the course of these studies, new research has elucidated the
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mechanism of translation stimulation by NS1 . A new IAV protein, PA-X, has been

shown to target and degrade host mRNA in the nucleus before the RNA is

exported out of the nucleus (Jagger 201 2; Khaperskyy 201 6). The report did not

hypothesize how NS1 or other viral proteins stimulate translation of mRNA. The

researchers hypothesize that NS1 -mediated selection of viral mRNA is not

important as viral mRNAs do not have to compete with host mRNAs for

translation initiation (Khaperskyy 201 5). Additional ly, PA-X is essential to

counteract host acquired immune response (Hayashi 201 5). These studies

suggested that while NS1 is important for a variety of other functions, specific

binding to viral mRNA is not necessary.

The secondary function of NS1 is l ikely a general translation stimulant.

Indeed, studies using rabbit reticulocyte lysate (RRL) achieved an increase in

protein production when supplemented with NS1 (Anastasina 201 4). Using

mRNAs from with Enephalomyocarditis virus (EMCV) Internal Ribosome Entry

Site (IRES) poly-adenylated mRNA, and Renilla luciferase, NS1 stimulated the

translation of al l mRNAs (Anastasina 201 4).

One group has proposed that NS1 functions by binding directly to the

ribosome (Panthu 201 7). Using gel shift and luciferase reporter assays, the

researchers showed that no specific 5’-UTR sequence is correlated with

increased translation. Additional ly, using polysome profi l ing, the study concluded

that since NS1 co-sediments with the ribosome, the binding of NS1 to the

ribosome must be important for its function. Though the data did not

conclusively show that NS1 binds directly to the ribosome, it does contribute to

mechanism of stimulation by ribosome recruitment.

6.4 - Proposed NS1 Stimulation Model
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Figure 6.1 – Proposed Mechanism for NS1 Stimulation
NS1 prevents the interferon response in cells by preventing transcription of

immune response genes. Once the majority of the host mRNAs are degraded,

the viral mRNAs are exported out of the nucleus with the help of PABP1 . NS1

then binds to PABP1 , and eIF4G which then associates with eIF4E thereby

creating a stronger “closed-loop” formation independent of the 5’-UTR. NS1 then

recruits remaining factors as necessary to start codon frame reading, resulting in

a stimulation of translation.

Taken together with the recent NS1 studies, I propose a new model for NS1

translation stimulation. Viral mRNAs are produced by the vRNPs through cap-

snatching and poly (U) stuttering. The vRNP stal ls nascent host mRNA

transcription (Lukarska 201 6) and PA-X selectively degrades host mRNAs

(Khasperskyy 201 6). The viral mRNAs then associate with NS1 and PABP1 (or

possibly PABP1 by itself) are exported out of the nucleus (Khasperskyy 201 5).

All other mRNA are left unprocessed and are degraded or blocked from nuclear

export.

In the cytoplasm, NS1 does not interact or bind to viral mRNAs (Figure 6.1 ).
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Instead, it interacts with PABP1 and eIF4G, along with eIF4E, to strengthen the

“closed-loop” formation among those proteins and bound mRNA (Burgui 2003;

Yángüez 2011 ). NS1 then recruits the ribosomal subunits (Panthu 201 7) in order

to coordinate the ribosome with the 5’-UTR and start codon scanning. NS1 can

then be recycled or retained as needed to expedite translation initiation.

The proposed model does not explain how certain viral mRNAs are

translated earl ier during infection over others, such as the M1 protein. One

possible explanation for this may rely on the vRNPs preference of gene

transcription. There may be an order in which IAV transcribes its genome to

create the (+)-sense mRNA. No conclusive studies have shown whether the

vRNPs selects the order in which vRNAs are transcribed. All RNA-seq data has

been with infected A549 cells after two hours post-infection (Bercovich-Kinori

201 6). A study where mRNA sequence, such as single-molecule florescence in-

situ hybridization (smFISH), which detects the order of viral mRNA (+)-sense

transcription may be used to determine transcription preference. That can help

identify which mRNAs are synthesized immediately after RNP translocation to

the nucleus.

In addition, the model does not explain why a low concentration of Poly (A)

tai l weakens the interaction of NS1 and PABP1 . NS1 bound weakly to PABP1

with R-Del, but not with M-Del, even though both RNAs contain a Poly (A) tai l .

Future studies with a Poly (A) tai l concentration tiration can help determine

whether PABP1 oligomerizes in the presense of RNA.

6.5 - Proposed Future Experiments

The results of this study can be used to investigate new hypotheses or

avenues for study. One key player involved in this process is eIF4G. Only a
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fragment of the large, ful l-length protein has been successful ly purified (Imataka

1 998; Safaee 201 2; Papadopoulos 201 4). Given this l imitation, studying the

effect of NS1 and PABP1 in the presence of an eIF4G fragment would i l luminate

the possible mechanism of NS1 translation stimulation. Strong binding to PABP1

and eIF4G would further indicate NS1 ’s role and elucidate how ribosomes are

recruited to the 5’-cap. Currently, work is underway in the lab focusing on

purifying sufficient amounts of eIF4G fragments to better understand the role of

eIF4G in the NS1 -PABP1 interaction.

A second future direction is whether NS1 binds directly to the ribosome with

or without a functional RBD. Experiments showing NS1 binding directly to the

ribosomal subunits using a modified protocol could further conclude NS1 ’s role in

ribosomal recruitment (Chen 201 4). In this method, a fluorescently-labeled

protein would be incubated with the 40S, 60S and 80S ribosomes. The mixture

is then applied to a Sephacryl-300 column and the eluate is ran on a gel to

determine if NS1 binds to the ribosome directly. To determine if the binding is

RNA mediated, the NS1 -R38A-K41 A mutant would serve as a control. This

experiment would not only validate previous work, but further demonstrate that

recruitment of ribosome is independent of 5’-UTR.

Recent improvements in single-molecule technology can quantify the

interactions between several proteins. Additional ly, single-molecule studies can

determine the stoichiometry and kinetic rates of the interactions. This wil l help

answer the question: Does NS1 protein(s) bind to al l translation initiation proteins

with equal affinity? FRET experiments reveal aggregate NS1 proteins interacting

with PABP1 , but single-molecule FRET (smFRET) can reveal the mechanism

between the interactions by monitoring each protein individual ly. This approach

wil l not only verify the results found in this study, but also determine exactly how

many NS1 molecules interact with PABP1 and eIF4G. This would determine
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whether NS1 binds simultaneously to PABP1 and eIF4G, or whether two NS1

units bind to them separately.

6.6 - Contribution to Science

The process of science is used to explain natural phenomenon based on

hypothesis or questions. As I started this journey, I set out to explain how NS1

stimulates translation of viral mRNA. Though a conclusive answer is sti l l several

studies away, my work nonetheless helps answer questions that contribute to the

final mechanism.

These studies, in conjunction with the current research, might contribute in

finding a new, viable medicine that would prevent or treat IAV infection. The

NS1 -PABP1 interaction may be essential for IAV progression and therefore

research on the interaction could be valuable for drug development, ultimately

leading to a lower mortal ity for the disease.
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Appendix

Appendix 1

DNA and Protein Sequence of NS1

DNA Sequence

ATGGATTCCAACACTGTGTCAAGTTTTCAGGTAGACTGCTTCCTTTGGCATG

TCCGAAAACAAGTTGTAGACCAAGAACTAGGTGATGCCCCATTTCTTGATCG

GCTTCGCCGAGATCAGAAGTCCCTAAGGGGAAGAGGCAGCACTCTCGGTCT

AAACATCGAAGCAGCCACCCATGTTGGAAAGCAGATAGTAGAGAAGATTCTG

AAGGAAGAATCTGATGAGGCACTTAAAATGACCATGGCCTCCACACCTGCTT

CGCGATACATAACTGACATGACTATTGAGGAATTGTCAAGGGACTGGTTCAT

GCTAATGCCCAAGCAGAAAGTGGAAGGACCTCTTTGCATCAGAATAGACCAA

GCAATCATGGATAAGAACATCATGTTGAAAGCGAATTTCAGTGTGATTTTTGA

CCGGCTAGAGACCCTAATATTACTAAGGGCTTTCACCGAAGAGGGAGCAATT

GTTGGCGAAATCTCACCATTGCCTTCTTTTCCAGGACATACTATTGAGGATGT

CAAAAATGCAATTGGGGTCCTCATCGGAGGACTTGAATGGAATGATAACACA

GTTCGAGTCTCTAAAACTCTACAGAGATTCGCTTGGGGAAGCAGTAATGAGA

ATGGGAGACCTCCACTTACTCCAAAACAGAAACGGAAAATGGCGAGAACAG

CTAGGTCAAAAGTTCGAAGAGATAAGATGGCTGATTGA

Protein Sequence

MDSNTVSSFQVDCFLWHVRKQVVDQELGDAPFLDRLRRDQKSLRGRGSTLGL

NIEAATHVGKQIVEKILKEESDEALKMTMASTPASRYITDMTIEELSRDWFMLMP

KQKVEGPLCIRIDQAIMDKNIMLKANFSVIFDRLETLILLRAFTEEGAIVGEISPLPS

FPGHTIEDVKNAIGVLIGGLEWNDNTVRVSKTLQRFAWGSSNENGRPPLTPKQ

KRKMARTARSKVRRDKMAD
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Appendix 2

PABP1 DNA and Protein Seqeuence

DNA Sequence

ATGAACCCCAGTGCCCCCAGCTACCCCATGGCCTCGCTCTACGTGGGGGAC

CTCCACCCCGACGTGACCGAGGCGATGCTCTACGAGAAGTTCAGCCCGGC

CGGGCCCATCCTCTCCATCCGGGTCTGCAGGGACATGATCACCCGCCGCTC

CTTGGGCTACGCGTATGTGAACTTCCAGCAGCCGGCGGACGCGGAGCGTG

CTTTGGACACCATGAATTTTGATGTTATAAAGGGCAAGCCAGTACGCATCATG

TGGTCTCAGCGTGATCCATCACTTCGCAAAAGTGGAGTAGGCAACATATTCA

TTAAAAATCTGGACAAATCCATTGATAATAAAGCACTGTATGATACATTTTCTG

CTTTTGGTAACATCCTTTCATGTAAGGTGGTTTGTGATGAAAATGGTTCCAAG

GGCTATGGATTTGTACACTTTGAGACGCAGGAAGCAGCTGAAAGAGCTATTG

AAAAAATGAATGGAATGCTCCTAAATGATCGCAAAGTATTTGTTGGACGATTT

AAGTCTCGTAAAGAACGAGAAGCTGAACTTGGAGCTAGGGCAAAAGAATTC

ACCAATGTTTACATCAAGAATTTTGGAGAAGACATGGATGATGAGCGCCTTAA

GGATCTCTTTGGCAAGTTTGGGCCTGCCTTAAGTGTGAAAGTAATGACTGAT

GAAAGTGGAAAATCCAAAGGATTTGGATTTGTAAGCTTTGAAAGGCATGAAG

ATGCACAGAAAGCTGTGGATGAGATGAACGGAAAGGAGCTCAATGGAAAAC

AAATTTATGTTGGTCGAGCTCAGAAAAAGGTGGAACGGCAGACGGAACTTAA

GCGCAAATTTGAACAGATGAAACAAGATAGGATCACCAGATACCAGGGTGTT

AATCTTTATGTGAAAAATCTTGATGATGGTATTGATGATGAACGTCTCCGGAA

AGAGTTTTCTCCATTTGGTACAATCACTAGTGCAAAGGTTATGATGGAGGGT

GGTCGCAGCAAAGGGTTTGGTTTTGTATGTTTCTCCTCCCCAGAAGAAGCCA

CTAAAGCAGTTACAGAAATGAACGGTAGAATTGTGGCCACAAAGCCATTGTAT

GTAGCTTTAGCTCAGCGCAAAGAAGAGCGCCAGGCTCACCTCACTAACCAG

TATATGCAGAGAATGGCAAGTGTACGAGCTGTTCCCAACCCTGTAATCAACC

CCTACCAGCCAGCACCTCCTTCAGGTTACTTCATGGCAGCTATCCCACAGAC

TCAGAACCGTGCTGCATACTATCCTCCTAGCCAAATTGCTCAACTAAGACCAA

GTCCTCGCTGGACTGCTCAGGGTGCCAGACCTCATCCATTCCAAAATATGCC

CGGTGCTATCCGCCCAGCTGCTCCTAGACCACCATTTAGTACTATGAGACCA

GCTTCTTCACAGGTTCCACGAGTCATGTCAACACAGCGTGTTGCTAACACAT

CAACACAGACAATGGGTCCACGTCCTGCAGCTGCAGCCGCTGCAGCTACTC

CTGCTGTCCGCACCGTTCCACAGTATAAATATGCTGCAGGAGTTCGCAATCC

TCAGCAACATCTTAATGCACAGCCACAAGTTACAATGCAACAGCCTGCTGTT

CATGTACAAGGTCAGGAACCTTTGACTGCTTCCATGTTGGCATCTGCCCCTC

CTCAAGAGCAAAAGCAAATGTTGGGTGAACGGCTGTTTCCTCTTATTCAAGC

CATGCACCCTACTCTTGCTGGTAAAATCACTGGCATGTTGTTGGAGATTGATA

ATTCAGAACTTCTTCATATGCTCGAGTCTCCAGAGTCACTCCGTTCTAAGGTT

GATGAAGCTGTAGCTGTACTACAAGCCCACCAAGCTAAAGAGGCTGCCCAG

AAAGCAGTTAACAGTGCCACCGGTGTTCCAACTGTTTTG
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Protein Sequence

MNPSAPSYPMASLYVGDLHPDVTEAMLYEKFSPAGPILSIRVCRDMITRRSLGY

AYVNFQQPADAERALDTMNFDVIKGKPVRIMWSQRDPSLRKSGVGNIFIKNLDK

SIDNKALYDTFSAFGNILSCKVVCDENGSKGYGFVHFETQEAAERAIEKMNGML

LNDRKVFVGRFKSRKEREAELGARAKEFTNVYIKNFGEDMDDERLKDLFGKFG

PALSVKVMTDESGKSKGFGFVSFERHEDAQKAVDEMNGKELNGKQIYVGRAQ

KKVERQTELKRKFEQMKQDRITRYQGVNLYVKNLDDGIDDERLRKEFSPFGTIT

SAKVMMEGGRSKGFGFVCFSSPEEATKAVTEMNGRIVATKPLYVALAQRKEER

QAHLTNQYMQRMASVRAVPNPVINPYQPAPPSGYFMAAIPQTQNRAAYYPPSQ

IAQLRPSPRWTAQGARPHPFQNMPGAIRPAAPRPPFSTMRPASSQVPRVMST

QRVANTSTQTMGPRPAAAAAAATPAVRTVPQYKYAAGVRNPQQHLNAQPQVT

MQQPAVHVQGQEPLTASMLASAPPQEQKQMLGERLFPLIQAMHPTLAGKITGM

LLEIDNSELLHMLESPESLRSKVDEAVAVLQAHQAKEAAQKAVNSATGVPTVL
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Appendix 3

Short RNA Sequences
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Appendix 4

Long RNA Sequences

M-Full

GCAAAAGCAGGUAGAUAUUGAAAGAUGAGUCUUCUAACCGAGGUCGAAAC

GUACGUUCUCUCUAUCGUCCCGUCAGGCCCCCUCAAAGCCGAGAUCGCA

CAGAGACUUGAAGAUGUCUUUGCAGGGAAGAACACCGAUCUUGAGGUUC

UCAUGGAAUGGCUAAAGACAAGACCAAUCCUGUCACCUCUGACUAAGGGG

AUUUUAGGAUUUGUGUUCACGCUCACCGUGCCCAGUGAGCGGGGACUGC

AGCGUAGACGCUUUGUCCAAAAUGCUCUUAAUGGGAACGGAGAUCCAAAU

AACAUGGACAAAGCAGUUAAACUGUAUAGGAAGCUUAAGAGGGAGAUAAC

AUUCCAUGGGGCCAAAGAAAUAGCACUCAGUUAUUCUGCUGGUGCACUU

GCCAGUUGUAUGGGCCUCAUAUACAACAGGAUGGGGGCUGUGACCACUG

AAGUGGCAUUUGGCCUGGUAUGCGCAACCUGUGAACAGAUUGCUGACUC

CCAGCAUCGGUCUCAUAGGCAAAUGGUGACAACAACCAAUCCACUAAUCA

GACAUGAGAACAGAAUGGUUCUAGCCAGCACUACAGCUAAGGCUAUGGA

GCAAAUGGCUGGAUCGAGUGAGCAAGCAGCAGAGGCCAUGGAUAUUGCU

AGUCAGGCCAGGCAAAUGGUGCAGGCGAUGAGAACCAUUGGGACUCAUC

CUAGCUCCAGUGCUGGUCUAAAAGAUGAUCUUCUUGAAAAUUUGCAGGC

CUAUCAGAAACGAAUGGGGGUGCAGAUGCAACGAUUCAAGUGAUCCUCU

CGUCAUUGCAGCAAAUAUCAUUGGAAUCUUGCACUUGAUAUUGUGGAUU

CUUGAUCGUCUUUUUUUCAAAUGCAUUUAUCGUCGCUUUAAAUACGGUU

UGAAAAGAGGGCCUUCUACGGAAGGAGUGCCAGAGUCUAUGAGGGAAGA

AUAUCGAAAGGAACAGCAGAAUGCUGUGGAUGUUGACGAUGGUCAUUUU

GUCAACAUAGAGCUGGAGUAAAAAACUACCUUGUUUCUACUAAAAAAAAAA

AAAAAAAAAAAAA

M-Del

GCAAAAGCAGGUAGAUAUUGAAAGAUGAGUCUUCUAACCGAGGUCGAAAC

GUACGUUCUCUCUAUCGUCCCGUCAGUCAUUUUGUCAACAUAGAGCUGG

AGUAAAAAACUACCUUGUUUCUACUAAAAAAAAAAAAAAAAAAAAAAA

R-Full

GGCUAGCCACCAUGACUUCGAAAGUUUAUGAUCCAGAACAAAGGAAACGG

AUGAUAACUGGUCCGCAGUGGUGGGCCAGAUGUAAACAAAUGAAUGUUC

UUGAUUCAUUUAUUAAUUAUUAUGAUUCAGAAAAACAUGCAGAAAAUGCU

GUUAUUUUUUUACAUGGUAACGCGGCCUCUUCUUAUUUAUGGCGACAUG

UUGUGCCACAUAUUGAGCCAGUAGCGCGGUGUAUUAUACCAGACCUUAU
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UGGUAUGGGCAAAUCAGGCAAAUCUGGUAAUGGUUCUUAUAGGUUACUU

GAUCAUUACAAAUAUCUUACUGCAUGGUUUGAACUUCUUAAUUUACCAAA

GAAGAUCAUUUUUGUCGGCCAUGAUUGGGGUGCUUGUUUGGCAUUUCAU

UAUAGCUAUGAGCAUCAAGAUAAGAUCAAAGCAAUAGUUCACGCUGAAAG

UGUAGUAGAUGUGAUUGAAUCAUGGGAUGAAUGGCCUGAUAUUGAAGAA

GAUAUUGCGUUGAUCAAAUCUGAAGAAGGAGAAAAAAUGGUUUUGGAGAA

UAACUUCUUCGUGGAAACCAUGUUGCCAUCAAAAAUCAUGAGAAAGUUAG

AACCAGAAGAAUUUGCAGCAUAUCUUGAACCAUUCAAAGAGAAAGGUGAA

GUUCGUCGUCCAACAUUAUCAUGGCCUCGUGAAAUCCCGUUAGUAAAAG

GUGGUAAACCUGACGUUGUACAAAUUGUUAGGAAUUAUAAUGCUUAUCUA

CGUGCAAGUGAUGAUUUACCAAAAAUGUUUAUUGAAUCGGACCCAGGAUU

CUUUUCCAAUGCUAUUGUUGAAGGUGCCAAGAAGUUUCCUAAUACUGAAU

UUGUCAAAGUAAAAGGUCUUCAUUUUUCGCAAGAAGAUGCACCUGAUGAA

AUGGGAAAAUAUAUCAAAUCGUUCGUUGAGCGAGUUCUCAAAAAUGAACA

AUAAAAAAAAAAAAAAAAAAAAAAAAAAA

R-Del

GCUAGCCACCAUGACUUCGAAAGUUUAUGAUCCAGAACAAAGGAAACGGA

UGAUAACUGGUCCGCAGUGGUGGGCCUCGUUCGUUGAGCGAGUUCUCAA

AAAUGAACAAUAAAAAAAAAAAAAAAAAAAAAAAAAAA
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Appendix 5

Vector Maps

pGEX-3X

Source: General Electric

http: //www.gelifesciences.com/webapp/wcs/stores/servlet/ProductDis

play?categoryId=11 737&catalogId=1 01 01 &productId=1 7059&storeId

=11 787&langId=-1 . Accessed July 01 , 201 7

1 00



pMCSG1 0

Source: Snapgene

http: //www.snapgene.com/resources/plasmid_fi les/structural_genomics_vectors/

pMCSG1 0/. Accessed July 01 , 201 7

1 01



pMCSG26

Source: Snapgene

http: //www.snapgene.com/resources/plasmid_fi les/structural_genomics_vectors/

pMCSG26/. Accessed July 01 , 201 7

1 02



pRL-null

Source: Promega Corporation

https://www.promega.com/products/reporter-assays-and-transfection/reporter-

vectors-and-cel l-l ines/prl-renil la-luciferase-control-reporter-

vectors/?catNum=E2271 . Accessed July 01 , 201 7
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Appendix 6

Strains

DH5α

F– Φ80lacZ∆M1 5 ∆(lacZYA-argF) U1 69 recA1 endA1 hsdR1 7 (rK–, mK+) phoA

supE44 λ– thi-1 gyrA96 relA1

BL21

F– ompT gal dcm lon hsdSB(rB–mB–) [malB+]K-1 2(λ
S)

BL21 (DE3)

F– ompT gal dcm lon hsdSB(rB–mB–) λ(DE3 [lacI lacUV5-T7p07 ind1 sam7 nin5])

[malB+]K-1 2(λ
S)

Rosetta 2 pLysS

F- ompT hsdSB(rB- mB-) gal dcm (DE3) pLysSRARE2 (CamR)
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