
 

 

 

 

 

 

 

 

 

Copyright 

by 

Jesper Karl Marklund 

2011 

 

 

  



The Dissertation Committee for Jesper Karl Marklund Certifies that 

this is the approved version of the following dissertation: 

 

 

Identification of the Influenza A Nucleoprotein Sequence that Interacts 

with the Viral Polymerase 

 

 

 

 

     Committee: 

 

 

Robert M. Krug, Supervisor 

Edward M. Marcotte 

Sara L. Sawyer 

Scott W. Stevens  

Christopher S. Sullivan 

Claus O. Wilke 



Identification of the Influenza A Nucleoprotein Sequence that Interacts 

with the Viral Polymerase 

 

 

 

 

by 

Jesper Karl Marklund, B.S.Ch.E. 

 

 

 

Dissertation 

Presented to the Faculty of the Graduate School of  

The University of Texas at Austin 

in Partial Fulfillment  

of the Requirements 

for the Degree of  

 

Doctor of Philosophy 

 

 

The University of Texas at Austin 

August, 2011 



Dedication 

To: 

My Family for your support. 

 

 

 



v 

 

Acknowledgements 

I would like to thank my supervisor, Dr. Robert M. Krug. I am also grateful to my 

committee members for their precious time and invaluable suggestions: Drs Edward 

Marcotte, Sara Sawyer, Scott Stevens, Chris Sullivan, and Claus Wilke. 

For discussions and help with lab work and revising this manuscript, I also want 

to thank the past and present Krug lab members, especially Drs. Chen Zhao, Laura 

Newcomb, Karen Twu, Tien-Ying Hsiang, Haripriya Sridharan, Ligang Zhou, Rei-Lin 

Kuo, and Bart Smith. 

Finally, I want to express my greatest thanks and appreciation to my parents and 

my brother. 

 



vi 

 

Identification of the NP sequence of Influenza A that interacts 

with the viral polymerase 

 

Publication No._____________ 

 

 

Jesper Karl Marklund, Ph.D. 

The University of Texas at Austin, 2011 

 

Supervisor: Robert M. Krug 

 

Influenza A is a negative stranded RNA virus with a segmented genome. Once the 

virus infects a cell it must replicate its full length viral genomic RNA (vRNA) through a 

positive sense complementary intermediate RNA (cRNA) as well as transcribe viral 

messenger RNA (mRNA) using the vRNA as a template. The regulation of whether the 

viral polymerase replicates the genome by synthesizing cRNA, or produces mRNA in 

order to make viral protein involves, the viral nucleoprotein (NP). We tried to find the 

sequence residues of NP that directly interact with the viral polymerase. We mutated to 

alanine several residues on NP that are surface exposed on recently solved crystal 

structures as well as those thought to be oriented toward the viral polymerase complex in 

cryo-EM studies. As a first screen, we tested these mutants in a mini-genome assay where 

the NP stimulation of the viral polymerase can be studied in transfected cells. Through 

this screen we found that the NP mutants that hindered its ability to stimulate polymerase 

activity the most were located in a loop between two alpha helixes in the head domain of 
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NP located at residues 203 to 209. Specifically, the NP single mutants of R204, W207, 

and R208 were inactive in the mini-genome assay. Using RT-PCR we found that the 

cRNA to vRNA step of replication is severely inhibited by these mutations. 

Immunoprecipitation using transfected cells showed that the NP mutants lost the ability 

to bind all three polymerase subunits. This indicates that this loss of polymerase binding 

may be the reason the NP mutant fails to stimulate polymerase activity. 

To make sure that this loss of polymerase stimulation was not due to altering 

other functions of NP we made sure that the protein had proper cellular localization, 

oligomerization, and RNA binding abilities. Using immuniflourescence we found that 

mutant NP localized to the nucleus just like wild type. In order to test RNA binding and 

oligomerization we tested NP purified from a baculovirus expressing system. Using 

fluorescence polarization we found that NP binds single stranded RNA with similar 

affinity to wild type. Using gel filtration we found that mutant NP forms oligomers just 

like wild type.  

Using covariation analysis of how different positions in an amino acid alignment 

change relative to each other we predicted possible binding sites between NP and the 

three polymerase subunits PA, PB1 and PB2. Due to more complete crystal structure data 

we focused on the PA-NP interaction and found that covariation aided in finding binding 

sequence residues on PA but not NP.  

Another outcome of developing the covariation method was developing a 

program to view broad primary structure changes in large sequence alignments. This 

method has been informative in evaluating how amino acid positions in influenza have 

changed over time, as well as what defines specific residues as belonging to human or 

avian viruses.           
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Chapter 1:  Introduction to Influenza 

Influenza viruses are in the Orthomyxoviridae family of viruses. All viruses in 

this family are enveloped RNA virus with a segmented negative stranded genome. 

Orthomyxoviridae is comprised of five virus families: influenza A, influenza B, influenza 

C, Thogoto virus, and Isavirus. These five virus types were defined using antigenic 

differences in two internal proteins, the nucleoprotein (NP) and the matrix protein (M1), 

but today it is easier to determine the virus type by sequence homology. Since all 

orthomyxoviruses have segmented genomes, all members of this family are capable of 

reassortment with other viruses of the same type. However, reassortment between virus 

types (i.e. influenza A with Isavirus) has not been documented. Influenza A has a wide 

host range including birds, humans, pigs, horses, and occasionally seals and whales. Its 

natural reservoir is most likely wild aquatic migratory birds (Ito et al. 1995). The natural 

reservoir of influenza B is humans where it causes seasonal outbreaks, but does not cause 

pandemics. Influenza C infects humans and pigs but is much rarer than influenza A or B 

(Yuanji et al. 1983). Thogoto virus is a tick transmitted virus that infects pigs and has 

been known to infect humans rarely. Isavirus infects salmon and has never been shown to 

infect humans. All the work contained here concerns influenza A virus.  

Influenza A is further subdivided into subtypes based on the two surface antigens 

hemagglutinin (HA) and neuraminidase (NA) (Schild et al. 1980). There are 16 HA 

subtypes (H1-H16) and 9 NA subtypes (N1-N9) known. These two surface subtypes 

together are used in naming influenza strains (e.g. H5N1, H3N2, and H9N2). All 

subtypes are found in wild birds, whereas only a small subset is found in other species 

such as humans. Current human influenza consists of two subtypes, H3N2 and H1N1 
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(Holmes et al. 2005; Zambon 2001). This method of naming influenza A subtypes 

sometimes leads to confusion since the 2009 pandemic H1N1 (“swine flu”) has the same 

subtype classification as seasonal H1N1 that infects humans and there are types of avian 

H1N1 virus that are incapable of infecting humans.  

Influenza A has a segmented genome with eight segments that are translated into 

at least 11 proteins. There are three polymerase gene segments (PB2, PB1, PA), a 

nucleoprotein gene segment (NP), two gene segments for surface antigen proteins 

hemagglutinin (HA) and neuraminidase (NA), the matrix gene segment (M), and the non-

structural gene segment (NS). Most genes encode one protein, but PB1, M, and NS 

encode at least two proteins in alternate overlapping reading frames. A schematic of the 

influenza A viral particle is shown in Figure 1.1. The alternate splicing and translation 

from alternate reading frames produce the 11 proteins is shown in Figure 1.2 and the life 

cycle of influenza is shown in Figure 1.3.   

  
FIGURE 1.1 SCHEMATIC OF INFLUENZA A VIRAL PARTICLE. The location of the viral 

envelope, viral proteins and viral gene segments are indicated. The protein 

NS1 is not found in the virion but is found only in infected cells (Adapted 

from Noah and Krug 2005). 
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FIGURE 1.2 PROTEINS CODED BY INFLUENZA A GENE SEGMENTS. The 8 gene 

segments of Influenza A encode at least 12 proteins. Segment encodes 

PB1 and a second protein PB1-F2 in a +1 orf. Segments 7 and 8 encode 2 

proteins each through alternate splicing. (Adapted from Knipe and Howley 

2006) 

 
FIGURE 1.3 THE INFLUENZA LIFE CYCLE. This shows the role of different viral 

proteins in the process of entering the cell, replicating its genome and 

packaging viral particles (Adapted from Lamb and Krug 2001).   
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Influenza A surface proteins 

HA and NA are both glycoproteins that are attached to the viral envelope with 

short transmembrane regions. Along with M2, these are the three surface proteins of 

influenza A. All three have their own role in the influenza life cycle. HA is responsible 

for attachment to a new host cell. Before HA can function it must be cleaved into HA1 

and HA2 by a host protease. This cleavage site is thought to be a virulence determinant; 

the more basic residues are located at the HA cleavage site, the more types of host 

proteases can cleave it allowing for broader infection into different organs in the host 

(Jiang et al. 2010). The HA binds the sialic acid on surface receptors located on the host 

cell. The ability to bind sialic acid is a major host determinant for influenza A (Ito and 

Kawaoka 2000). Human viruses must be able to bind the 2,6 linked sialic acid found in 

humans and avian viruses must be able to bind the 2,3 linked sialic acid found in birds 

(Figure 1.4). Pigs, however, have both receptors so they are thought to be able to aid in 

the adaptation of avian viruses to the human population. 

 

   
FIGURE 1.4 SIALIC ACID SURFACE RECEPTORS. The difference between 2,3-linked 

and 2,6-linked sialic acid is shown. This is a major host determining factor 

for influenza virus. Influenza HA protein binds sialic acid to gain entry 

into the host cell. (Adapted from Jiang et al. 2010)  

Once the virus has bound the surface of the cell, the virus enters the cell by 

endocytosis. Once in the endosomal compartment the pH drops to 5-6. This low pH 

forces the HA to undergo an irreversible conformational change that fuses the viral and 
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endosomal membranes (Bullough et al. 1994; Skehel and Wiley 1998; Stegmann et al. 

1989).  

The M2 protein forms a tetramer that acts as an ion channel inserted into the viral 

membrane. While in the endosome, the M2 ion channel protein allows protons to enter 

the viral particle thereby lowering the pH inside the virion. The lower pH allows the M1 

protein to dissociate from the ribonucleoprotein. This step is essential for viral uncoating. 

The role of M2 as an ion channel can be blocked by the drugs amantadine and 

remantadine. These drugs bind to the M2 and stearically block the ion channel inhibiting 

viral uncoating (Wang et al. 2011).   

The third surface protein, neuraminidase (NA), is involved in viral release from 

the infected cell. It cleaves the host sialic acid attached to the viral HA and NA allowing 

the newly formed virion to release from the cell at the end of the infectious cycle 

(Gamblin and Skehel 2010). The action of NA is inhibited by the drugs Tamiflu and 

Relenza which is currently the most common influenza anti-viral drug (Jackson et al. 

2011).  

 

The matrix M1 protein 

 The matrix protein is the most abundant structural protein in the viral particle. It is 

encoded by the same segment as M2. M1 is thought to have interactions with most viral 

components. It interacts with the ribonucleoprotein complex (RNP) and helps to 

encapsidate it through its joint RNP binding activity and membrane binding activity. This 

step is essential for viral packaging and budding. M1 also plays a role in RNP transport in 

various stages of replication. The schematic of the viral life cycle is shown in Figure 1.3. 

During viral entry, the disassociation of M1 from the RNP is required for the RNP to be 
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imported into the nucleus. Also, M1 import into the nucleus is required for newly 

synthesized RNPs to be exported out of the nucleus (Helenius 1992; Martin and Helenius 

1991). Finally, M1 can interact directly with the RNP to inhibit viral transcription 

(Watanabe et al. 1996).   

 

NS1 and NS2 proteins 

Segment 8 of the influenza genome produces 2 proteins through alternate splicing, 

NS1 and NS2. Both are non-structural proteins and NS1 is only found in infected cells. 

However, they both perform regulatory functions that make them vital to viral 

replication. The NS2 protein, also known as the nuclear export protein (NEP), is mainly 

involved in transporting RNPs out of the nucleus by interacting with the RNP, M1 and 

Crm1 (O‟Neill et al. 1998; Neumann et al. 2000). NS2 is thought to serve as an adaptor 

molecule by mediating the association of RNP and Crm1. It has been proposed that the 

vRNP complex that is actually exported out of the nucleus is vRNP bound to M1, which 

is bound to NS2, which is bound to Crm1 (Akarsu et al. 2003). This complex is shown in 

Figure 1.5.  
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FIGURE 1.5 RNP EXPORT COMPLEX. Export of viral ribonucleoprotein complex 

requires several viral proteins. In this model M1, binds to the RNP, 

possibly by binding to the NP. The M1 and NS1/NEP bind. Finally the 

NS1/NEP bind Crm1 which allows for export using the cellular export 

machinery (Adapted from Akarsu et al. 2003).  

The role of NS1 is mainly to counteract the host anti-viral response. It 

accomplishes this by binding to various host proteins. NS1 can inhibit the 3‟ end 

processing of host mRNA by binding to the 30kD subunit of the host CPSF complex and 

PABII (Chen, et al. 1999; Das et al. 2008; Li et al. 2001; Noah and Krug 2005; Nemeroff 

et al. 1998; Twu et al. 2007). This inhibits the host antiviral response by blocking the 

production of antiviral proteins like interferon since the interferon pre-mRNA are not 

processed into mRNA. NS1 also inhibits host PKR activation which then inhibits host 

cell translation (Hatada et al. 1999; Lu et al. 1995). NS1 also binds and sequesters 

dsRNA which has been shown to inhibit the interferon induced 2‟-5‟ oligo-A synthetase/ 

RNase L pathway (Min and Krug 2006).  Lastly, NS1 from certain strains, but not others, 

has been shown to block host cell IRF-3 activation, which is in one pathway to induce 

interferon (Kuo et al. 2010).   
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FIGURE 1.6 NS1 INTERACTING PARTNERS. This shows the host proteins that NS1 

interacts with and the regions of the NS1 protein where binding occurs 

(Adapted from Zhao et al. 2010).  

 

NS1 also interacts with several other host proteins. NS1 has been shown to bind 

P85K (Hale et al. 2008; Yang Li et al. 2008), CrK/CrkL (Heikkinen et al. 2008; Hrincius 

et al. 2010), PDZ (Liu et al. 2010; Thomas et al. 2011; Jackson et al. 2008) and the 

influenza RNP (Robb et al. 2011). Although influenza proteins can be shown to interact 

with several binding partners, sometimes with overlapping binding regions, it should be 

noted that at least for NS1, these interactions can be strain specific. For instance, it has 

been shown that some influenza strains do not bind CPSF30 (Hale et al. 2010), and 

strains differ in their ability to block host IRF3 activation (Kuo et al. 2010). 

 

Structure and role of polymerase subunits and NP 

The influenza polymerase consists of three subunits, polymerase basic 2 (PB2), 

polymerase basic 1 (PB1), and polymerase acidic (PA). The polymerase complex binds 
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the viral RNA at the 5‟ and 3‟ ends and the nucleoprotein (NP) coats the RNA forming a 

ribonuclear complex. A schematic of the ribonuclear complex is shown in Figure 1.7.   

 

 
FIGURE 1.7 SCHEMATIC OF THE INFLUENZA VIRUS RIBONUCLEAR COMPLEX. The 

viral ribonucleoprotein complex is comprised of the three polymerase 

subunits binding both the 5‟ and 3‟ ends of the genomic viral RNA and NP 

binding the RNA along the length (Nagata et al. 2008).  

The PB1 subunit serves as the core of the polymerase complex. PB1 binds the 

vRNA and cRNA promoter and is the subunit that contains the catalytic site for RNA 

synthesis (Naffakh et al. 2008). PB1 also binds both the PA and PB2 subunits. It binds 

PA at the C-terminus (Ghanem et al. 2007; González et al. 1996; Perez and Donis 2001). 

A recently solved crystal structure shows the N-terminus of PB1 inserted into the C-

terminal domain of PA (He et al. 2008; Obayashi et al. 2008). The short N-terminal PB1 

peptide alone has even been shown to have potential antiviral activity by disrupting the 

PB1-PA interaction and decreasing polymerase activity. This interaction is being 

explored as a possible drug target (Ghanem et al. 2007; Wunderlich et al. 2009).  The C-

terminus of PB1 also binds PB2 at the N-terminus.  The PB1 protein is the full length 

gene product of the pb1 gene. This gene also has two minor gene products, a short 

peptide of variable length in the +1 reading frame and a truncated form of PB1 using an 

alternate start codon (Wise et al. 2009).  

PB2 has no sequence homology to any other protein in the NCBI database. PB2 

binds the 5' cap of host cell mRNA essential for viral transcription (Ulmanen et al. 1981; 
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Blaas et al. 1982). Although PB2‟s role in viral genomic replication is unclear, some PB2 

mutants diminish replication activity indicating PB2 may have a role in viral genome 

replication as well (Gastaminza et al. 2003). Many aspects of virulence and host 

adaptation are thought to be associated with the viral polymerase complex. A notable 

example is the mutation E627K of PB2 that can give avian viruses the ability to replicate 

in humans. Although this residue is not entirely predictive since pandemic 2009 H1N1 

virus has E627. In this virus there are two compensating mutations, G590S and Q591R, 

which restore the negative charge in this region which is required for replication in 

humans (Mehle and Doudna 2009).  

The PA subunit has no sequence homology to any other protein in the NCBI 

database, either. Proteolytic cleavage identified two soluble domains of PA (Hara et al. 

2006; Guu et al. 2008). The crystal structure of the N-terminal domain revealed that it 

contains the endonuclease activity that cleaves the host mRNA, who‟s cap is bound by 

PB2, so the fragment can be used as a primer in viral transcription (Yuan et al. 2009; 

Dias et al. 2009). PA also has proteolytic activity against both viral and host proteins, 

although the significance of this activity is unclear (Toyoda et al. 2003; Hara et al. 2001). 

Mutants have been identified that impact both transcription and replication (Fodor et al. 

2003).  

Crystal structure of the C-terminal domain of the PA subunit was solved 

independently by two groups (He et al. 2008; Obayashi et al. 2008). The structure divides 

into two domains that one author dubs the „brain‟ and the „mouth‟ domains. The „mouth‟ 

domain binds the N-terminus of PB1. Both groups focused on this result as a possible 

drug target. The „brain‟ domain has a large 25 angstrom groove that is highly basic which 
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is very favorable to RNA binding. Mutations made in this groove were defective in 

genomic replication (Fodor et al. 2003).  

Although all three subunits have a nuclear localization signal, the PB1 and PA 

assemble in the cytoplasm after translation and are imported together, whereas PB2 is 

imported together with Hsp90. Final assembly takes place in the nucleus (Fodor and 

Smith 2004; Deng et al. 2005).  

The nucleoprotein (NP) is a basic protein of 498 amino acids whose functions 

include coating single stranded viral genomic RNA and condensing it into a helical 

nucleocapsid. Then the NP together with the PB2, PB1 and PA form a ribonucleoprotein 

that can carry out transcription, genomic replication and packaging. NP forms two 

domains, the body and head domains (Ng et al. 2008; Ye et al. 2006). The crystal 

structure of one NP subunit is shown in Figure 1.8. NP binds ssRNA with a high affinity 

Kd of 20 nM (Portela and Digard 2002). An RNA binding groove is formed in a cleft 

between the head and body domains. There are basic residues in both the head and body 

domains that contribute to RNA binding. One basic loop extends from the RNA binding 

groove that is thought to sample the environment for RNA and bring it toward the 

groove.  

 



12 

 

 
FIGURE 1.8 CRYSTAL STRUCTURE OF INFLUENZA NUCLEOPROTEIN. The NP protein 

has two domains, the head domain and the body domain. RNA binds in a 

negatively charged groove formed between the two domains. The 

oligomerization loop is on the opposite side of the structure from the RNA 

binding groove.   

A loose loop of the NP on the opposite side from the RNA binding grove 

facilitates NP-NP oligomerization by inserting this loop into a neighboring NP molecule 

giving it the ability to form dimers, trimers and tetramers in the absence of RNA. The 

NP-NP binding affinity has been estimated at 200nM (Elton et al. 1999). Upon the 

addition of RNA, higher order circular oligomeric structures spontaneously form (Ng et 

al. 2008). Although the region required for oligomerization is on the opposite side from 

the RNA binding groove, mutations in the loop required for oligomerization reduce RNA 

binding suggesting that oligomers bind RNA better than single molecules.  

The influenza NP shares structural similarity with other negative stranded RNA 

viruses like vesicular stomatitis virus (VSV) and rabies virus even though there is no 

sequence similarity (Luo et al. 2007). All three viruses have a head domain and a body 
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domain that are traversed three times by the linear protein chain. Of the two domains the 

head domain seems more structurally conserved than the body domain. Although all three 

bind RNA and form oligomers, there are important differences between VSV and rabies 

structures, and influenza NP structures. VSV and rabies virus bind RNA by completely 

surrounding it and allowing the RNA to pass through a hole formed by the head and body 

domains, whereas the NP of influenza binds RNA at its RNA binding groove that does 

not entirely surround the RNA. This difference allows RNA bound to influenza NP to be 

digested by RNase treatment whereas RNA bound to VSV or rabies nucleoprotein is 

protected from RNase digestion. The nucleoprotein of rabies and VSV also make protein 

contacts that enable oligomerization that lay on the surface of both of the neighboring 

molecule in NP-RNA chain, whereas the influenza has just one loop that inserts into the 

interior of the neighboring NP molecule on one side while having the neighbor on the 

other side inserting its loop into it (Albertini et al. 2006; Green et al. 2006).   

NP has also been shown to interact with the influenza protein M1, although the 

role for this is unclear. Various studies have suggested that the role is inhibition of viral 

polymerase activity (Zvonarjev and Ghendon 1980), export of RNPs out of the nucleus 

(Martin and Helenius 1991), or assembly of RNPs (Portela and Digard 2002). The host 

proteins that NP interacts with include importin (O‟Neill et al. 1995), F-actin (Digard et 

al. 1999), exportin-1/CRM1 (Elton et al. 1999), and the DEAD-box helicase 

BAT1/UAP56 (Momose et al. 2001). These interactions are vital for trafficking the 

ribonucleoprotein into and out of the nucleous before and after genome replication. The 

interaction with BAT1/UAP56 was shown to increase the activity of the viral 

polymerase.  
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Besides its role in coating RNA in the ribonucleocomplex, free NP is required to 

stimulate viral genome replication, most likely though an interaction with the polymerase 

complex (Newcomb et al. 2009). NP has been shown to bind PB1 and PB2, but not PA 

(Biswas et al. 1998). However in that study the PA was poorly expressed, so it is not 

possible to determine if NP and PA bind to each other. What residues on NP and in the 

polymerase complex that are involved in this interaction are unknown. It is largely this 

question that this present study aims to address.  

NP has two major nuclear localization signals, one unconventional NLS located at 

the N-terminal (Wang et al. 1997; Neumann et al. 1997) and a bipartite NLS at residues 

198 to 216 (Weber et al. 1998). Two studies mutated residues conserved among influenza 

A, B and C and found many residues important to replication, but biological significance 

of most of these regions is unknown (Mena et al. 1999; Li et al. 2009).  

 

Replication and transcription of the influenza genome 

Influenza virus produces three types of single stranded RNA. The negative sense 

viral genomic RNA (vRNA) is found in the viral particle. It enters the cell with a 

polymerase complex attached and nucleoprotein (NP) binding nonspecifically along the 

length with one molecule binding about 24 nucleotides (Yamanaka et al. 1990). The viral 

polymerase complex produces a full length, positive sense complementary RNA copy of 

vRNA, called cRNA, which is used as a template for further vRNA synthesis. The vRNA 

is also used as a template for 5' capped and polyadenylated viral mRNA synthesis, the 

third type of viral RNA. Unlike many RNA viruses, all influenza RNA synthesis occurs 

in the nucleus. The viral mRNA is exported to the cytoplasm where it is translated by the 
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host translation machinery. The process of viral replication and transcription is shown in 

Figure 1.9. 

 

 
FIGURE 1.9 REPLICATION, TRANSCRIPTION AND TRANSLATION OF INFLUENZA GENES. 

As negative sense vRNA enters the cell it is either replicated by the 

influenza polymerase by primerless replication through a positive sense 

cRNA intermediate or transcribed into mRNA by the viral polymerase using 

a 13-15nt capped primer snatched from the host. In the latter case, the viral 

polymerase polyadenylates the mRNA by iteratively stuttering over a short 

stretch of uridines in the 5‟ UTR of the vRNA.      

Measuring vRNA is straightforward because it is the opposite sense of cRNA and 

mRNA, so it can be measured with RT-PCR, primer extension or northern blotting. 

Measuring and distinguishing between cRNA and mRNA is more difficult. Primer 

extension can be used by selecting a primer complementary to both mRNA and cRNA 

that is roughly 50nt from the 5‟ end of gene. Because mRNA has the 13 to 15 nucleotide 

5‟ cap it will be longer. This method produces a qualitative measure of relative 

abundance of mRNA and cRNA. A second method to distinguish mRNA and cRNA is to 

use RT-PCR. The RT reaction can be performed using either oligo dT to detect mRNA, 

or a primer complementary to the 3‟ UTR region of the cRNA. In both cases the PCR can 

be performed with primers internal to the gene. With RT-PCR it is also possible to 

quantify the results by using quantitative RT-PCR. Although RT-PCR is capable of 
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detecting all three types of RNA, in practice the error when measuring cRNA is much 

greater than when measuring vRNA or mRNA (Kawakami et al. 2011). The reason for 

this is not entirely clear, but the 3‟ region of cRNA is only around 13 to 20nt long 

(depending on the gene segment) so there is no latitude to design different primers that 

may produce better results.  

 

Replication 

Replication is not as extensively characterized as transcription. Replication is the 

full length copying of vRNA through a cRNA intermediate. It is comprised of two steps, 

vRNA to cRNA synthesis and cRNA to vRNA synthesis.  It occurs in the nucleus which 

is different from most RNA viruses. Replication starts with PB1 binding the 5' end of the 

vRNA which is hybridized to its 3' end forming a corkscrew promoter structure. Initiation 

is not primer dependent, unlike transcription (Shapiro and Krug 1988). However, free NP 

is required for replication while it is not required for transcription; this may be because 

NP is needed to cover the poly-U tract used for polyadenylation, thus serving as an anti-

terminator (Beaton and Krug 1986; Honda et al. 1988), and NP is needed to transform the 

influenza polymerase to undergo replication. Just exactly how free NP transforms the 

viral polymerase is not clear. One theory is that NP disrupts the PA-PB1 interface 

transforming the polymerase complex from a transcriptase into a replicase (Labadie et al. 

2007).  
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Transcription 

Viral transcription is better characterized than replication. Transcription is 

initiated with the polymerase subunit PB1 binding the 5' end of the vRNA template and 

the PB2 binding host mRNA at the 5‟ capped end. The polymerase PA endonuclease 

activity cuts off the capped 5‟ end and 13 to 15 nucleotides. This short piece of host 

mRNA is used as a primer to initiate transcription of viral mRNA. This process is 

referred to as cap snatching (Rao et. al 2003; Plotch et al. 1981). Viral mRNA is 

transcribed until it arrives at a short 7 nucleotide stretch of uridines 13 to 20 nucleotides 

from the 3‟ end of the genome. The viral polymerase adds a roughly 100nt poly-A tail by 

stuttering over this stretch of uridines (Poon et al. 1999; Robertson et. al 1981).  The viral 

mRNA now contains a 5‟ cap and polyadenylated tail just like host mRNA. It is then 

exported to the cytoplasm and translated into protein. 

Host transcription activity is vital for the influenza polymerase to produce viral 

mRNA because it needs a source of 5‟ cap. However, because the influenza polymerase 

polyadenylates its own messages, the virus can inhibit host messages from being 

processed into mRNA by inhibiting host mRNA polyadenylation. As a way of keeping 

host proteins from being expressed, the influenza NS1 protein binds to the 30kD subunit 

of the cleavage and polyadenylation specificity factor, which keeps host pre-mRNA from 

being polyadenylated. This inhibition keeps host proteins, including antiviral proteins like 

interferon, from being produced (Das et al. 2008; Twu et al. 2007). 

 

Switch models 

Since NP is required for replication but is not absolutely essential for 

transcription, it is thought to play a major role in regulating the switch from replication to 
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transcription. However, RNPs isolated from virions undergo an initial round of mRNA 

synthesis first, before cRNA synthesis occurs (Seong et al. 1992; Skorko et al. 1991), 

although mRNA and cRNA accumulate rapidly in the infected cell (Vreede et al. 2004). 

Also, free NP not bound to RNA has been shown to be essential for replication 

(Newcomb et al. 2009). Single stranded RNA binding of NP does have some role in 

replication. First, ssRNA binding is essential to block the poly-U site at the 3‟ end of the 

vRNA so that polyadenylation does not begin. This function is called anti-termination 

(Beaton and Krug 1986). The second is that, although the mechanism is not clear, RNPs 

that have been stripped of NP can initiate RNA synthesis but terminate prematurely after 

just a few nucleotides (Honda et al. 1988).    

There are three models suggested to account for NP‟s role in regulating 

transcription and replication. In one model, the NP stabilizes vRNA and cRNA by 

binding to them and preventing their degradation since they may be less stable than viral 

mRNA due to their lack of a 5‟ cap or a poly A tail (Vreede et al.2004). This model holds 

that there is no switch per-se at all, but that NP‟s role is to stabilize the cRNA 

intermediate and that this is what determines different amounts of the three viral RNAs. 

In a second model, the NP binds to the vRNA promoter altering it to favor replication 

(Portela and Digard 2002). This model entails that free NP binds to the vRNA promoter 

region separately and distinctly from it binding ssRNA along the length of the RNA. A 

third model suggests that NP favors replication by binding directly to the polymerase 

complex. It has been shown that NP can stimulate replication without binding RNA, 

which is required for the first two models, so it is likely that NP stimulates replication 

though direct binding to the polymerase complex (Newcomb et al. 2009). 
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Recent findings have been published showing that NP is mono-ubiquitinated at 

position K184 (Liao et al. 2010). The authors suggest that host deubiquitination enzyme 

USP11 can deubiquitinate NP and that this deubiquitinated NP is unable to stimulate 

replication. They found that a mutant K184R NP mutant that can not be ubiquitinated 

was still able to bind the polymerase in immunoprecipitation. Since K184 is located in 

the RNA binding grove they reported that ubiquitinated NP binds RNA better and that 

this is the mechanism that allows NP to stimulate replication. This is a surprising result, 

since K184 is located deep in the RNA binding groove; ubiquitination at this site would 

be expected to reduce RNA binding.    

 Influenza A also expresses the different viral RNAs differently at different times 

of infection. In early times of infection, the influenza polymerase synthesizes both vRNA 

and viral mRNA at high levels (Shapiro et al. 1987). At later times of infection vRNA 

remains high while the synthesis of viral mRNA decreases.   

 

Viral polymerase fidelity  

Studies have shown influenza virus to evolve at a relatively fast rate of around 

10e-3 substitutions per site per year (Jenkins et al. 2002). This rate is stable across 

lineages from low pathogenic avian influenza to human influenza to H5N1 high 

pathogenic influenza. However the synonymous to non-synonymous substitution rates 

vary with H5N1 being higher than human influenza, and low pathogenic avian influenza 

being lowest (Chen and Holmes 2006). It has been estimated that the absolute mutation 

rate is one mutation per replicated genome (Drake 1993). This mutation rate along with 

the fact that the influenza polymerase has no proof-reading function makes many 

conclude that the influenza polymerase has low fidelity.  
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However, none of these studies directly measure influenza enzyme fidelity. 

Aggarwal measured the fidelity of purified influenza polymerase by removing either UTP 

or ATP from the polymerase reaction and testing whether the polymerase would 

terminate when UTP or ATP was required or misincorporate another nucleotide. This 

work found that influenza virus polymerse has higher fidelity than T7, or HIV-1 reverse 

transcriptase, and has equivalent fidelity with murine leukemia virus, although they did 

not calculate a mutation rate (Aggarwal et al. 2010). Although it is a commonly held 

assumption that influenza has low fidelity polymerase because it is an RNA virus with no 

proofreading function, the observed high  rate of evolution may be because of the need to 

replicate the genome so frequently in the course of infection.  

 

Structure of viral RNA 

The eight RNA segments of the influenza genome have highly conserved 5‟ and 

3‟ ends.  The 5‟ and 3‟ ends of each segment have partial complementarity, indicating 

that there is base pairing between the ends. Exactly how the ends base pair is uncertain. 

One possibility is that the ends base pair with no stem loops forming a panhandle 

structure where the coding region forms a loop (the pan) and the ends base pair (the 

handle). A second possibility is hairpins bulging at both the ends forming a „cork screw‟ 

like structure as shown in Figure 1.10 (Flick and Hobom 1999; Flick et al. 1996; Crow et 

al. 2004). 
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FIGURE 1.10 POSSIBLE STRUCTURES AND BASE PAIRING OF THE INFLUENZA VRNA 

PROMOTER. The highly conserved ends of influenza segments have base 

pairing that may form a panhandle, RNA fork, or a corkscrew to aid in 

binding the influenza polymerase according to different theories (Adapted 

from Knipe and Howley 2006).  

 

Influenza A infections in humans 

In humans, influenza A virus is typically a respiratory tract disease of the winter 

months, causing seasonal outbreaks as well as periodic pandemics. In migratory birds, it 

is typically a digestive tract disease with outbreaks most acutely affecting young birds at 

the northern breeding sites during late summer (Webster et al. 1992). 

Influenza A was first recorded to infect humans by Hippocrates in 412 BC 

(Hoehling 1961). The oldest data to characterize the subtypes of influenza that circulated 

was serological studies that found that H2N2 and H3N8 circulated in humans in the late 

1800s. A global influenza A pandemic of subtype H1N1 erupted in 1918 during world 

war I. This 1918 “Spanish influenza” killed an estimated 50 million people worldwide. 

After this pandemic, H1N1 became the only subtype to circulate in humans. Although the 

first influenza virus was not isolated until 1933, the original 1918 virus was recovered 
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from RNA isolated from pandemic victims buried in Alaskan permafrost (Taubenberger 

et al. 1997). H1N1 circulated in humans until 1957 when a reassortment event with avian 

influenza introduced H2, N2 and PB1 causing a pandemic H2N2 “Asian influenza”. For 

ten years H2N2 was the only influenza A virus to circulate in humans. In 1968, another 

reassortment event with avian influenza introduced H3 and PB1 forming H3N2 virus. 

Upon introduction this virus caused a pandemic dubbed “Hong Kong influenza” and 

completely displaced the H2N2 virus. The H3N2 virus is currently circulating. In 1977, 

an H1N1 virus almost identical to an H1N1 virus in 1950 reappeared in the human 

population and is currently circulating along with H3N2. The reason this virus reappeared 

is not known but the two leading theories are that the virus was frozen in arctic ice until it 

reappeared or that it was a lab strain that was frozen until it infected a lab worker. Figure 

1.11 shows the timeline of the major influenza A outbreaks of the 20
th

 century. 

 

 
FIGURE 1.11 PANDEMICS AND REASSORMENTS OF INFLUENZA A IN THE 20TH 

CENTURY. The 1918 virus is thought to be an entirely avian virus 

transferred to humans. The H2N2 and H3N2 viruses were the product of a 

reassortment event with avian virus. In each appearance of a new virus in 

the human population was coupled with the extinction of the previous 

predominant strain except in the reintroduction of H1N1 in 1977. 
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When a new strain of influenza A appears it usually replaces the one that came 

before it. When H1N1 reappeared in 1977 and co-existed with H3N2 thereafter is the 

exception, not the rule. The reason for why strains die out is still an open question 

(Webster et al. 1992). 

With this recent history of periodic pandemics it is very likely there will be 

another pandemic of influenza A at some point. One possible pandemic threat is the 

H5N1 virus. The influenza A virus of subtype H5N1 has spread in various outbreaks 

since 1997 with a high mortality rate in both birds and humans. The human mortality rate 

can exceed 50% (Neumann et al. 2009). Although deadly, it is not readily passed from 

human to human. If the pathogenic H5N1 subtype acquired the ability of human-to-

human transmission, it could cause a devastating pandemic (Abdel-Ghafar et al. 2008). 

In the spring of 2009, a novel H1N1 virus (different from the seasonal H1N1 that 

reappeared in 1977) started infecting humans in Mexico (Smith et al. 2009). This virus 

was a complicated reassortment of avian H1N1 virus, two lineages of swine virus, and 

human H3N2 virus (Figure 1.12). At first this virus was thought to be very deadly due to 

high initial estimates of the mortality rate in Mexico. It was declared a pandemic, and 

although the symptoms were worse than seasonal H1N1 or H3N2, the mortality rate was 

similar. From a public health standpoint this outbreak seems under control. One of the 

interesting, open questions is if this reassortant virus will displace the seasonal H1N1 and 

H3N2 viruses much like the displacement events of 1957 and 1968.  
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FIGURE 1.12 REASSORMENT HISTORY OF 2009 H1N1 INFLUENZA A. The reassortment 

history of the 2009 H1N1 pandemic influenza included at least two 

intermediate reassortment events, in 1979 and 1992, that transferred 

influenza genes from birds to pigs. Then those two viruses reasserted in 

2009 producing the pandemic virus (Adapted from Smith et al. 2009).   
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Chapter 2: NP interacts with polymerase complex.  

Nucleoprotein of influenza A coats the length of viral RNA and has been shown 

to have a role in viral replication. It has been implicated in the regulation mechanism that 

controls the level of viral genome replication and transcription, but exactly how NP 

accomplishes this is not known, but it has been shown that free NP not bound to RNA is 

essential for replication (Shapiro and Krug 1988). The exact sequence residues on NP 

that interact with the viral polymerase and thus may be essential for viral RNA synthesis 

and regulation are not known. This study aims to find such residues. 

The crystal structure of NP has been solved recently (Ng et al. 2008; Ye et al. 

2006). NP forms two domains, a body domain and a head domain. Between the two 

domains, there is a broad negatively charged ssRNA binding grove. On the opposite side 

of the RNA binding groove is tail loop that allows NP for form oligomers by inserting the 

tail loop into a neighboring NP molecule (Figure 1.8).  

A recent study captured a cryo-electron micrograph of the polymerase complex at 

the end of one round of replication (Coloma et al. 2009). They mixed His tagged PB2 and 

wild type PB1, PA, and NP together with a 50nt RNA template that includes the 5‟ and 3‟ 

UTRs from the NS gene. After purification they were able to obtain a cryo-EM image of 

the replication complex to 12 angstrom resolution for the NP portion coating the RNA 

template and to 18 angstrom resolution for the polymerase portion. They were able to 

show that the complex was active after purification. They were also able to thread 

previously solved crystal structures of NP and PA C-terminus into the cryo-EM. A frame 

capture from a movie associated with this article is shown in Figure 2.1. This cryo-EM 

shows that the RNA binding groove of NP is oriented toward the polymerase complex. 

The body domain of the NP is oriented toward where the PB1 and PB2 are thought to be. 
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The head domain is closer to where the crystal structure of the PA subunit was threaded, 

although they do not appear to be in direct contact at this late stage of replication. There 

is also a substantial region in the polymerase complex that is undefined located below the 

PB1 subunit.   

 

 
FIGURE 2.1 CRYO-EM OF INFLUENZA POLYMERASE COMPLEX AND NUCLEOPROTEIN. 

Cryo-EM was performed on the purified influenza polymerase and NP 

after having completed one round of replication on a shortened template. 

The structures of NP and PA solved separately were threaded into the 

density map. (Coloma et al. 2009). 

Initial NP mutants screen for diminished polymerase stimulation 

Using the cryo-EM and the crystal structure data as a guide, I made mutations in 

the NP gene of the influenza strain A/Udorn/72 in an attempt to disrupt the ability of NP 

to stimulate viral polymerase activity. Most of these mutants were located around the 
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surface of the body domain. I also included a mutation in the head domain due to its 

proximity to the PA subunit in the cryo-EM. A summary of what mutations were made in 

this initial screen are shown in Table 2.1. 

As a screen, I tested the mutations in a mini-genome assay where plasmids 

encoding the influenza polymerase and NP genes, under pol II expression, are transfected 

into 293T cells. Along with these plasmids, I also transfected a pol I plasmid expressing 

firefly luciferease gene that has the NS1 5‟ and 3‟ untranslated regions to either side. This 

construct allows firefly luciferase mRNA to only be produced by the transfected 

influenza polymerase using the pol I transcribed firefly RNA as a template. A plasmid 

containing renilla luciferase under pol II control is included as a transfection control. A 

schematic of the assay is shown in Figure 2.2. The ratio of firefly to renilla luciferase is 

used as the normalized luciferase value that shows how well the NP stimulated 

polymerase activity.  

 

 
FIGURE 2.2 OUTLINE OF DUAL LUCIFERASE MINI-GENOME ASSAY. Pol II expressed 

PB2, PB1, PA and NP use a pol I expressed firefly luciferase gene with 

NS 5‟ and 3‟ UTRs to produce firefly luciferase. The template is written 

upside down in this figure to indicate that it is negative sense just like 

vRNA. A renilla luciferase under pol II expression is used as a 

transfection control.  
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In order to find NP mutants that disrupt the ability of NP to stimulate polymerase 

activity, I initially mutated large segments of NP to alanine that seemed surface exposed 

in the NP crystal structure, and were predicted to be directed toward the polymerase 

complex by the cryo-EM. The mutants were tested via the dual luciferase mini-genome 

assay; the results are shown in Table 2.1 and the locations of the mutations on the crystal 

structure are shown in Figure 2.3. Lower luciferase expression may indicate disrupted NP 

function in viral RNA replication. 

 

TABLE 2.1  SUMMARY OF INITIAL NP MUTANTS. Mutants are grouped by what region 

of NP they are located in. The dual luciferase activity of each mutant 

relative to wild type is indicated. The letter designation of each group is 

the first broad mutation, all other mutations were follow-up mutations.   

  

Some mutations, like groups A, B and C, failed to reduce polymerase activity at 

all and so they were abandoned. The mutations in L108 and L110 were notable since 

these are two leucines in a beta sheet that are very surface exposed and conserved across 

Designation NP mutations Dual Luciferase

A 77-81A 0.8507

B M105A, R106A 0.9300

C L108A, L110A 1.6200

L108S, L110S 1.4300

D F206A, W207A, R208A, G209A 0.0017

F206A, W207A 0.0018

R208A, G209A 0.0027

W207A, R208A 0.0148

E R317A, P318A, N319A, E320A 0.0027

P318A, N319A 0.5964

T350A, K351A 0.9436

F 352-356A 0.0003

G356A, K357A 0.2211

G S367A, N368A, E369A, N370A, M371A 0.0003

S367A, N368A 0.9009

D372A, T373A 0.8100

H 1-480del 0.0007
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all current influenza A lineages. Hydrophobic residues like leucine are usually not so 

surface exposed. In addition, these two residues appear to make contact with the PB1 

subunit of the polymerase in the cryo-EM structure of the replication complex. These two 

facts would suggest that these residues have a functional role. Although L108 and L110 

are notable, this functional role does not appear to involve viral polymerase activity. NP 

is known to interact with M1, F-actin, CRM-1 among other proteins and it may be 

worthwhile to examine this mutant for an interaction with any of those proteins.   

In groups E, F, and G I made an initial mutant of four or five residues that were 

also located in solvent exposed areas that are predicted to be directed toward the 

polymerase complex in the cryo-EM. The initial mutants greatly reduced polymerase 

activity. As a result, I mutated only a few residues within these groupings that were the 

most solvent exposed based on the crystal structure. In groups E, F, and G the follow up 

mutations failed to diminish the stimulation of polymerase activity. The follow up 

mutations are also shown in Table 2.1. The simplest explanation of this result is that the 

first round of mutations that involved many residues disrupted the folding of the protein 

and that was why the NP could not stimulate polymerase activity. One mutant in group F 

(G356A K367A) did reduce stimulation by half, but this was not thought to be significant 

enough to pursue further at the time.  

The one mutant in group H, a C-terminal deletion of 18 residues, did diminish 

stimulation of polymerase activity. Upon further inspection of the crystal structure, this 

result is most likely due to the disruption of the ability of NP to form oligomers since the 

C-terminus is very close to both the oligomerization loop and the insertion point of the 

neighboring NP‟s oligomeriztion loop. However, this oligomerization was not tested for 

this mutant.  
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FIGURE 2.3 NP STRUCTURE SHOWING LOCATION OF MUTATIONS. Most mutations 

were located in the body domain with one set of mutations in the head 

domain.  

The one mutant made in the head domain, mutant D (F206A, W207A, R208A 

G209A), did reduce viral polymerase activity. All of the follow up double mutants I made 

([F206A, W207A], [R208A G209A], and [W207A, R208A]) also eliminated polymerase 

activity, further demonstrating that this is a region is important for viral RNA replication. 

This part of the head domain is oriented toward the PA subunit of the polymerase 

complex in the cryo-EM. These mutations are all located in a loop between helices four 

and five. Analyzing a sequence alignment of 3910 NP protein sequences from several 

different host species and isolation dates show that this region is remarkably well 
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conserved for a solvent exposed loop. Figure 2.4 shows a weblogo alignment for the loop 

region between helix four and five.  

  

 
FIGURE 2.4  SEQUENCE CONSERVATION OF THE LOOP REGION BETWEEN HELIX 4 AND 

5 OF INFLUENZA NP.  The height of the amino acid code indicates its 

proportional abundance in the sequence alignment (Crooks et al. 2004). 

In the crystal structure of the NP trimer, this loop failed to resolve in two out of 

the three subunits indicating that, in at least some parts of viral replication, there are few 

structural constraints on this loop. However, some protein regions fail to resolve until 

they are bound to a partner. Figure 2.5 shows the crystal structure of the subunit of NP 

with the loop from position 203 to 209 resolved. The loop region is located in the head 

domain on the upper lip of the RNA binding groove. The oligomerization region is on the 

opposite side of the structure from the loop.   
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FIGURE 2.5 CRYSTAL STRUCTURE OF NP EMPHASIZING THE 203-209 LOOP. The loop 

between helix 4 and 5 is located in the head domain on the upper lip of the 

RNA binding groove (Ye et al. 2006). 

After making the large groups of mutations in NP that are both surface exposed 

and oriented toward the polymerase in the cryo-EM, I have identified one region of NP 

that eliminates the stimulation of polymerase activity. The next step is to explore this 

region further by making single point mutations of the residues in the NP loop from 

residue 203 to 209.  

 

Single mutations in loop region 

In order to further characterize the 203-209 loop region‟s role in viral polymerase 

activity I constructed single mutants in this region in a pol II expressing vector. I mutated 

residues R204, F206, W207, R208, and G209 of the NP gene of A/Udorn/72. I made 

mutations to alanine in all of these positions, and for the two residues that were arginine 

(204 and 208) I constructed mutants to lysine. I tested these mutants in the dual luciferase 
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mini-genome assay. The results are in Figure 2.6. R204A, R204K, W207A and R208A 

mutants all diminish viral polymerase activity whereas F206 and G209 did not reduce 

stimulation. W207 and F206 are both aromatic residues next to each other. That their 

results are so different may be explained by that W207 packs tighter into the head domain 

when this loop is properly folded, giving it more functional importance than F206. That 

R204K reduces NP stimulation of the viral polymerase indicates that it is not a change in 

charge which causes this reduction since they are both positively charged. Arginine is 

larger than lysine and this difference in size may have an impact on NP‟s ability to 

stimulate the viral polymerase.   

 
FIGURE 2.6 LUCIFERASE ACTIVITY OF NP MUTANTS IN THE VRNA MINI-GENOME 

ASSAY. Relative Luciferase activity of NP mutants in mini-genome assay 

when starting with a vRNA analog firefly luciferase template. Error bars 

represent standard deviation of three independent experiments.  

Mini-genome assay starting with a cRNA template 

Very importantly, luciferase activity does not distinguish among transcription, 

replication, or translation as the process being inhibited; it just measures the final 

product. To find out which process is inhibited, I performed the mini-genome assay 

where the three polymerase subunits and mutant or wild type NP (all of the A/Udorn/72 
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strain) were transfected along with a cRNA luciferase version of NS1. This assay is 

exactly the same as the mini-genome assay done previously except that it is the NS 

cRNA (not vRNA) 5‟ and 3‟ UTRs that flank the luciferase coding region. This was done 

because RT-PCR can more reliably measure vRNA and mRNA than cRNA. When 

transfecting a plasmid that produces vRNA, one can not reliably measure which vRNA is 

produced by the viral polymerase and which is produced from the pol I plasmid. Also, 

since this system greatly over expresses the polymerase proteins and NP, the NP may not 

be able to fully keep up with its role as an anti-terminator at the polyadenylation site. The 

polymerase may be producing mRNA using a vRNA template, but the 3‟ end of the 

mRNA receives a 3‟ UTR instead of polyadenylation. This product would be completely 

unfunctional since it can‟t be translated (there is no poly-A tail) and it can‟t replicate to 

form vRNA (it has a 5‟ cap). I have not substantiated that this indeed happens, but RT-

PCR results are consistent with there being more cRNA detected than would be expected 

(data not shown). This affect would not be expected to change the measurements of 

vRNA or mRNA.  

In this cRNA version of the luciferase assay, the polymerase must first replicate to 

create vRNA and then transcribe that vRNA to mRNA. These species can be detected 

and quantified using RT-qPCR. A schematic of this experiment is in Figure 2.7.  
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FIGURE 2.7 SCHEMATIC OF THE MINI-GENOME ASSAY STARTING WITH CRNA. A 

plasmid that produces a cRNA analog is transfected into the cell along 

with plasmids that produce PB2, PB1, PA and NP. The viral polymerase 

complex complete the second half of genomic replication, vRNA 

production, as well as transcription in order for any luciferase to be 

detected.     

Portions of each sample were set aside for a luciferase mini-genome assay and for 

RNA isolation and RT-qPCR. The luciferase results shown in Figure 2.8 are consistent 

with the results when using the vRNA-luciferase template. The luciferase activity is 

essentially eliminated for all mutants except for R204K where small amounts of activity 

remain. Since R204K is such a minor change, at least in charge, even this large reduction 

in the level of polymerase stimulation is remarkable. To our knowledge a mini-geome 

assay using cRNA, not vRNA, as the initial step in the assay has not been employed so 

validating that it produces similar results, as compared to starting with the vRNA 

template, is essential. 
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FIGURE 2.8 LUCIFERASE ACTIVITY OF NP MUTANTS IN THE  CRNA MINI-GENOME 

ASSAY. Relative luciferase activity of NP mutants in mini-genome assay 

when starting with a cRNA analog firefly luciferase template. Error bars 

represent standard deviation of three independent experiments.  

Next, the level of vRNA was detected using RT-qPCR (Kawakami et al. 2011). 

The levels of vRNA are shown in Figure 2.9. The production of vRNA from cRNA is 

severely inhibited by the mutations in NP. These RT-qPCR tests show that these NP 

mutants strongly inhibit viral genome replication. This step is where any decrease in 

activity would be expected to be seen since NP has no known in either mRNA production 

or translation.  
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FIGURE 2.9 RELATIVE VRNA PRODUCTION OF NP MUTANTS IN THE CRNA MINI-

GENOME ASSAY. Relative vRNA production of NP mutants in mini-

genome assay when starting with a vRNA analog firefly luciferase 

template as measured with RT-qPCR. Error bars represent standard 

deviation of three independent experiments.  

The protein luciferase is made using mRNA as a template. Finally, the mRNA 

was measured using a recently published RT-PCR method that was shown to produce 

more repeatable results than conventional RT-PCR (Kawakami et al. 2011). Briefly, the 

oligo dT primer used for the RT step has a random 20nt DNA tag at the 5‟ end along with 

a short 6nt DNA stretch complementary to the 6nt before the poly-adenylation site. A 

schematic of this method of doing RT-PCR is shown in Figure 2.10. The PCR step is 

performed with the 5‟ tag sequence and a primer interior to the gene. The results of the 

RT-qPCR are shown in Figure 2.11. These results are consistent with the luciferase 

results. However, unless NP had a role in the host translation machinery we would expect 

that the mRNA results should be similar to the luciferase results. No such role for NP in 

translation has been reported or suggested so this mRNA result is largely confirmatory. 
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FIGURE 2.10 RT-PCR SCHEMATIC. Primers were chosen so that they would have a 5‟ 

tail. That tail region alone would then be used in the subsequent PCR step 

(Kawakami et al. 2011). 

 

 
FIGURE 2.11 RELATIVE MRNA PRODUCTION OF NP MUTANTS IN THE CRNA MINI-

GENOME ASSAY. Relative mRNA production of NP mutants in mini-

genome assay when starting with a vRNA analog firefly luciferase 

template as measured with RT-qPCR. Error bars represent standard 

deviation of three independent experiments.  

Although these results show that the NP mutants from 204 to 208 fail to stimulate 

viral genome replication, it is important to show that this effect if not indirect, due to 

inhibition of nuclear import of NP, or to inhibition of RNA binding or oligomerization. 

 

Immunifluorescence of wild type and mutant NP 

Wild type NP is normally localized to the nucleus except for when the viral RNP 

is transported into or out of the nucleus at the beginning or end of infection. NP has two 
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nuclear localization signals. One NLS is very close to the N-terminus, and a second 

bipartite nuclear localization signal is located from residues 198 to 216, involving 

positions 198, 199, 213, 214, and 216 (Figure 2.12). The residues that are the most 

interesting so far in this study, R204, W207, and R208, are located between the two parts 

of the bi-partite NLS. NP is localized to the nucleus in infected cells except when it is 

transported into or out of the cell as part of a ribonuclear complex. To make sure that the 

low levels of polymerase stimulation seen in the mutant NP are not due to improper 

localization, I determined whether the NP mutations alter localization.  

 
FIGURE 2.12 NUCLEAR LOCALIZATION SIGNALS IN NP. NP has two nuclear 

localization signals (NLS). One unconventional NLS is near the N-

terminus and one bi-partite NLS is from 198 to 216. The residues 

identified as essential as indicated in bold. The loop region that may be 

involved in polymerase stimulation is indicated in the figure (Adapted 

from Knipe and Howley 2006).   

To make sure that nuclear localization is not disrupted I transfected a plasmid 

expressing mutant NP (R204A, W207A, R208A) and performed immunofluorescence 

using a polyclonal antibody that detects NP (anti-Udorn antibody, an antibody that 

detects Udorn NP, HA, NA and M proteins). The immunofluorescence of both mutant 

and wild type NP is shown in Figure 2.13. The localization of the wild type NP and the 

triple mutant NP are both the same showing that improper localization of NP is not the 

reason the triple mutant fails to stimulate viral polymerase activity.   

Loop
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FIGURE 2.13 LOCALIZATION OF WILD TYPE AND MUTANT NP. Immunofluorescence of 

NP with mutations R204A, W207A, and R208A (upper left) and wild type 

NP (upper right). The nucleus is shown by DAPI staining (lower left and 

right). The nucleolus is the dark region in the nucleus indicated in one cell.   

In a large mutant screen of conserved residues in NP, Kawaoka found that R208A 

(and also R213A) disrupted luciferase production in the mini-genome assay (Ozawa et al. 

2007). However, their interpretation was that R208A disrupts transcription (not 

replication), and it does that by disrupting a bi-partite nuclear localization. Although 

mutating this bi-partite NLS still results in nuclear localization of NP due to the N-

terminal unconventional NLS, they claimed that the bi-partite NLS was essential for NP 

to get to the nucleolus. However, their evidence for nucleolar localization was not 

convincing, particularly since they claimed this localization occurred only transiently. We 

do not observe any nucleolar localization. Also, once the crystal structure of the NP 

trimer was solved and the three dimensional structure of this region became known, it 

was found that these residues that form the bi-partite nuclear localization signal are not 

shaped in such a way as to easily interact with the cellular import machinery (Ye et al. 

NP mutant                       NP wt

NP localization
(anti-Ud)

Nucleus
(DAPI)

Nucleolus
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2006). Briefly, residue 196 and 216 are located on opposite sides of the head domain of 

NP making it difficult for proteins to access both positions.   

 

RNA binding activity 

Since the unstructured loop is very close to the RNA binding groove and two of 

the residues in the loop are basic (R204 and R208) it was important to show that RNA 

binding activity of the mutant NP is not disrupted. To measure the binding of NP to 

single stranded RNA, our collaborator (Tao) expressed both wild type and triple mutant 

(R204A, W207A, R208A) using a baculovirus protein expression system and purified the 

two proteins. The binding of NP to single stranded RNA was measured using 

fluorescence polarization. The binding of wild type NP was found to have a Kd of 3.6 +/- 

0.5 nM and the binding of mutant NP was found to have a Kd of 5.0 +/- 1.4 nM (Figure 

2.14). Although the binding of the mutant is slightly weaker than the wild type this 

difference is within the margin of error, and is unlikely to be the cause of the dramatic 

decrease in the ability of NP to stimulate viral polymerase activity.  

These proteins had been isolated by a collaborator previously using the 

A/WSN/33 virus. All other experiments were done with A/Udorn/72. The WSN NP 

performed similarly to the Udorn NP in the mini-genome assay so we believe them to be 

functionally equivalent (data not shown). 
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FIGURE 2.14 MUTANT AND WILD TYPE NP BOTH BIND SSRNA. Binding of the triple 

mutant NP and wild type NP to ssRNA was tested. The binding affinities 

of both  to ssRNA were found to be similar.  

Mutant NP can still form oligomers 

NP also forms oligomers by inserting a tail loop into another NP molecule. When 

RNA is present, NP will form large oligomers that coat the length of the RNA. When 

RNA is not present NP mainly forms a trimer but a distribution of monomers, dimers, 

trimers and tetramers exist (Ye et al. 2006). The oligomerization loop is located far from 

both the tail loop and its insertion point so it is unlikely that mutations 204, 207 and 208 

will impact oligomerization. But for completeness, the oligomerization was characterized 

by our collaborator using size exclusion chromatography with the baculovirus expressed 

and purified proteins. In this assay, the protein is eluted through a column with a wide 

distribution of pore sizes. Small proteins pass through more of the pores and thus are 

eluted late. Large proteins are only big enough to be retained by a small fraction of the 

pores so they are eluted first. The gel filtration of the wild type and the mutant both 

produced a single peak of roughly 150kD (Figure 2.15). Since the molecular weight of a 
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single NP molecule is 56kD this peak is consistent with a trimer being formed in both the 

mutant and wild type NP. 

 

 
FIGURE 2.15 MUTANT NP FORMS OLIGOMERS JUST LIKE WILD TYPE NP. Both wild 

type NP and mutant NP bind together to form a unit around 150kD in size, 

which is consistent with forming a trimer.  

Binding of NP to polymerase subunits 

Next, we tested if the NP mutants change the binding affinity of NP to the viral 

polymerase. Since a C-terminal 3X-Flag tagged PA subunit functions similarly to wild 

type in the mini-genome assay (data not shown), I used this protein as the tagged protein 

in immunoprecipitation experiments. I transfected 293T cells with plasmids expressing 

either wild type or the W207A R208A mutant NP and C-terminal 3X Flag tagged PA, 

PB1, and PA where all genes came from the A/Udorn/72 strain. Immunoprecipitation was 

performed with anti-M2 antibody specific for Flag tag and protein A sepharose beads. 

The results show that the mutant NP disrupts the interaction with the polymerase 

complex (Figure 2.16).  
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FIGURE 2.16 BINDING OF NP TO THE POLYMERASE COMPLEX. Wild type and mutant 

NP binding to the polymerase trimer where the C-terminus of the PA 

subunit is tagged with a 3X Flag tag is shown. The binding of the mutant 

NP is significantly reduced relative to wild type.   

In the immunoprecipitation, the binding of the mutant NP to the polymerase is 

reduced a tenth of that of the wild type NP. That NP shows residual binding has been 

reported before (Labadie et al. 2007; Newcomb et al. 2009). This reduction in binding 

correlates with the reduction in viral RNA replication observed in the mini-genome 

assay. Exactly how NP binding turns the polymerase complex from a transcriptase to a 

replicase is unknown. One suggestion is that NP disrupts the PB2-PB1 interaction (Poole 

et al. 2004). This theory has intuitive appeal since the PB2 is essential for transcription 

due to its 5‟-cap binding function. However, this remains an open question. 

 

In this work, I have not checked that the mutations I made do not affect the 

binding of NP to any of its other binding partners like M1, F-actin, or Crm1. M1 is never 

in any of the experiments I performed since I did not trasfect a plasmid containing this 

gene. Although NP interacts with F-actin and Crm1, this role is thought to only involve 

the export and packaging or newly made RNPs, not polymerase function. 
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In summary, I have found mutants in NP that drastically reduce its ability to 

stimulate the viral genomic replication in the influenza polymerase. These mutants were 

shown to have cellular localization, RNA binding and oligomerization similar to wild 

type. However, these mutants had reduced polymerase binding. This evidence suggests 

that the reduced stimulation of polymerase activity is due to reduced polymerase binding. 

Therefore, the residues R204, W207 and R208 of influenza NP are likely essential for 

polymerase binding.   

 

 The next step of this research is to determine how binding of NP to the 

polymerase changes the replication activity. One hypothesis is that it disrupts the 

interaction between PB2 and PB1. Another approach is to more carefully characterize the 

binding interface of NP to the polymerase. In the mutations analysis by Li et al. 2009, all 

of the mutants that eliminated luciferase activity in the mini-genome assay were all 

clearly involved in oligomerization, or they were located on the top of the NP head 

domain. This suggests that this whole region may be involved in polymerase binding.  

 Another approach would be to reasonably assume that if NP binds to the 

polymerase then expressing only the NP head domain may bind to the polymerase but fail 

to stimulate RNA synthesis. Several peptides of several different lengths were tried 

ranging from just 12 amino acids to the whole four helix bindle of the head domain. None 

was able to reduce the polymerase activity in the mini-genome assay. However, 

disrupting the NP binding to the polymerase in an attempt to develop drugs may be 

possible.   
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Chapter 3: Predicting influenza protein interactions using covariation 

analysis  

This project and dissertation started as an attempt to find protein-protein 

interactions between viral proteins by looking at how amino acid residues covary. 

Covariation is how two positions in a sequence alignment change in a way such that a 

change in one position in one protein is correlated with a corresponding change in a 

second position which is in another protein. This covariation could have arisen because 

the two positions have a functional link. I am interested in the case where an amino acid 

changed on a surface residue of one protein may compensate for an amino acid change on 

a surface residue on another protein in order to maintain an interaction. This comes with 

the caveat that the covarying positions may not be the main interacting residues, but they 

should be close enough to a binding site to modulate the interaction. 

 However, this is not the only plausible explanation for covariation. The positions 

could be surface residue mutations that may compensate for one another to maintain the 

shape or charge of the protein, if the positions are on the same protein. The mutations at 

these positions may occur in sets that do not maintain function at all, but shift between 

two mutually exclusive functions. Although this sounds unlikely, the NS1 protein of 

influenza has been shown to gain and lose functions regularly, most notably CPSF30 

binding and IRF3 activation (Kuo et al. 2010; Twu et al. 2007). A related hypothesis is 

that mutations may occur in sets that switch between viral hosts (i.e. avian or human), or 

in sets that switch from pandemic to endemic form. Both of these could represent an 

altered interaction with host factors or tissue tropism. 

Covariation could be measured in several ways (Fuchs et al. 2007), but one 

common method is to use mutual information, which is what I used. Mutual information 
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between two positions is a number from zero to one that reflects how much information 

about one position can be known by knowledge of the other position. This method has 

been used before to detect protein-protein interactions (Gloor et al. 2005; Martin et al. 

2005). I applied their method to protein alignments of 3910 influenza strains. The result 

was that there were around five very large clusters of covarying positions (Figure 3.1). If 

the hypothesis was correct then these clusters would be the positions that change back 

and forth to maintain a function. However, it seemed unlikely that up to 300 positions 

would be involved in these functions. It became apparent that the clusters actually 

corresponded to phylogenetic signatures of strains of different lineages. For example, if 

two protein positions change at the same branching point in a phylogenetic tree all strains 

descendent from that branch point will have the two changes whereas all others will not. 

These two positions will have perfect covariation even though they may or may not have 

a functional relationship. This problem with covariation as determined through mutual 

information has been described before (Wollenberg and Atchley 2000).  
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FIGURE 3.1 COVARYING AMINO ACID POSITIONS WITH NO CORRECTION FOR 

PHYLOGENY. Both the X and Y axis are the amino acid positions of the 

influenza genome of all segments. The red color indicated that there is a 

higher mutual information score for that pair of positions. The positions 

have been clustered using hierarchical clustering with no regard for 

segment. With no correction for phylogeny the mutual information score 

found amino indiciative of different viral lineages, and failed to find 

positions involved in a common function.   

Correcting for phylogeny 

In light of this, the bulk of the work in this project involved trying to reduce this 

phylogenetic signal. There were several different approaches tried. The first attempt 

involved using a published method that purported to reduce phylogenetic signal (Dunn et 

al. 2008). I implemented their algorithm in python and the analysis was re-performed. 

The result was not substantially different than the uncorrected result (data not shown).  

A second method was to use a previously existing program that weights each 

strain according to its phylogeny. Once the weights had been calculated using a 

phylogentic tree and the program Branch Manager (Stone and Sidow 2007), then the 

calculation of the mutual information between two positions could be calculated using 
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these weights. However, this approach also failed to reduce the phylogenetic signal and 

produce a result different from the uncorrected result (data not shown).  

A third way to compensate for the phylogenetic signal was to repeatedly 

randomize all pairs of positions in the alignment, along with the Branch Manager weights 

to arrive at a P-value of how statistically significant the mutual information score of each 

pair of positions was. In this case, I graphed the negative log of the p-value for each pair 

instead of mutual information, but the result was the same where the phylogenetic signal 

of the different lineages still dominated (data not shown).  

Since there was too much signal from different lineages I tried looking at mutual 

information just within individual lineages. In this case there were still too many position 

pairs to constitute a functional relationship. In seasonal influenza in humans there are 

three or four amino acid substitutions fixed per year. Those three or four positions will 

produce a strong mutual information score even though the mutations could have arisen 

by random chance.  

Finally, I performed the same mutual information analysis for the five main 

lineages. I sampled 150 sequences roughly equally over time for the human H3N2, 

human H1N1 after 1977, human H1N1 before 1957, H5N1 and all avian strains. Then I 

compared the results across lineages to see if there were position pairs that produced high 

mutual information scores in more than one lineage, preferably three. This analysis 

drastically reduced the number of positions that covaried. The cluster of positions that 

covary between NP and each of the polymerase subunits is shown in Figure 3.2. We 

focused on NP and polymerase subunits because NP is known to stimulate polymerase 

function but the identity of the amino acids that are responsible is not known.   
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FIGURE 3.2 COVARYING CLUSTER OF POSITIONS FOR NP WITH POLYMERASE 

SUBUNITS. The two lineages that the two positions covaried in are 

designated by the key.  

For PB1, three small groupings were formed and for PB2 there was only one 

position that covaried with NP postions. For PA and NP more positions covaried with 

each other than for NP and the other polymerase subunits. Since there is better 

crystallographic data for PA and NP, I focused on these two. For PA, the four positions 

are all located in the C-terminal domain. For NP, all are located in the body domain. For 

both proteins, all are located on the surface. The positions that covary between NP and 

PA are indicated on the crystal structures in Figure 3.3. 
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FIGURE 3.3 COVARYING RESIDUES MAPPED ONTO CRYSTAL STRUCTURES OF PA AND 

NP. The covarying residues localized only to surface exposed residues on 

the C-terminal domain of PA and the body domain of NP. The covarying 

residues are shown in magenta and labeled in white. For reference, 

positions 204, 207, and 208 of NP are shown in blue and labeled in 

orange. These positions are far away from the covarying residues and are 

therefore not predicted as the interacting site with the viral polymerase.    

My attempts validate this prediction had mixed results. To test the prediction I 

mutated the conserved and surface exposed residues close to the covarying residues in the 

crystal structure, not the covarying residues themselves. The thinking is that the 

covarying residues only modulate the interaction slightly so that other mutations can then 

compensate for the first mutation. The covarying residues would just give an indication 

of where the main interacting positions would be, but not necessarily be the main 

interacting residues themselves.  

For NP, the mutant screen that I performed is outlined in Table 2.1. The original 

reason for making this set of mutations was to test my covariation prediction. The most 

successful mutations, located from 204 to 208 in NP, were not predicted by the 

covariation analysis. A less successful mutation, G356A and K357A, was predicted by 
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covariation analysis. Remaining work would include testing the G356A, K357A mutant 

for binding to the polymerase subunits since this reduced polymerase stimulation to a 

fifth of wild type in the mini-genome assay. At the time this mutation was abandoned due 

to the remarkably high reduction in stimulation seen in the NP 204-208 mutations. But 

overall, covariation did not significantly aid the search for the NP-polymerase interacting 

sequences in NP and thus must be deemed to have failed in this instance. 

Next, I looked at what sequences in the polymerase proteins may interact with 

NP. I concentrated on PA since there are two crystal structures that cover most of the 

protein. As can be seen in Figure 3.3, the four positions in the covarying cluster (272, 

277, 321, and 387) all colocalize to the same region of the PA structure. I made mutations 

to surface exposed, conserved residues in the region around the covarying residues. I 

made three PA mutants as an initial screen P1 (D272A, G273A, P274A), P2 (E327A, 

G329A, I330A, P332A), and P3 (E538A) all  with C-terminal 3X Flag tags expressed in 

pol II promoter plasmids. Initially, I tested these mutants by cotransfecting these plasmids 

together with a plasmid expressing wild type NP and then performing 

immunoprecipitation (Figure 3.4). The immunoprecipication shows that in all three 

mutants binding is reduced but not entirely eliminated in the covariation predicted 

mutants. However, since the PA subunit never exists in the infected cell without the other 

two polymerase subunits (or at least not PB1), the immunoprecipitation was repeated, 

including these two proteins, but only for the P3 (E538A). Performing the 

immunoprecipitation this way also shows that the mutant PA significantly reduces 

binding of the polymerase complex to NP (Figure 3.5).   
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FIGURE 3.4 IP OF NP USING COVARIATION PREDICTED PA MUTANTS. Pol II plasmids 

expressing wild type NP and wild type and mutants C-terminal 3XFlag 

tagged PA were cotransfected into 293T cells. All three mutants 

significantly reduce binding to PA.    

 

 
FIGURE 3.5 IP OF NP WITH PA MUTANTS IN THE FULL POLYMERASE COMPLEX. Pol II 

plasmids expressing wild type NP, PB, PB2 and wild type and mutants C-

terminal 3XFlag tagged PA were cotransfected into 293T cells. The P3 

(E538A) mutant significantly reduced binding to PA.    

Next, I tested the PA mutants in the mini-genome assay as described previously in 

this thesis. All three PA mutants are shown to have greatly reduced activity in the mini-

genome assay (Figure 3.6). This result would be expected since these mutants fail to bind 

the NP. That activity in the mini-genome assay is greatly reduced means that this binding 

has biological relevance. 
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FIGURE 3.6 PA COVARIATION MUTANTS IN MINI-GENOME ASSAY. The three mutants 

and wild type NP were tested in the mini-genome assay to test if NP can 

stimulate the luciferase activity. All three PA mutants show no stimulation 

with NP. 

Although these mutations are all located on the surface of the protein, they may 

disrupt the structure of PA and therefore may have lost binding affinity to NP. To address 

this issue, we need an assay that can show that the polymerase is functional in some 

aspect that does not require NP binding. In our lab, we have observed that the NS1 

protein is able to stimulate polymerase activity in the absence of NP in the mini-genome 

assay. The mechanism for this effect is unknown so far, but evidence points to NS1 

stimulating transcription. The first evidence that points to NS1 stimulating transcription is 

performing the vRNA mini-genome assay but transfecting NS1, NP or both along with 

the polymerase subunits. NS1 is shown to increase firefly luciferase activity more than 

the polymerase subunits alone. NP increases firefly 10 fold more than NS1. Transfecting 

both NS1 and NP increases firefly activity more than NP alone (Figure 3.7). In this assay 

I report firefly luciferase alone since NS1 will inhibit the expression of the renilla 

luciferase internal control (Das et al. 2008). RT-PCR shows that the levels of mRNA are 
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increasing along with the firefly activity indicating that it is not protein translation that is 

stimulated.   

 
FIGURE 3.7 NS1 STIMULATES MRNA SYNTHESIS FROM VRNA TEMPLATE. Pol II 

plasmids of PB2, PB1, and PA were transfected with pol II plasmids of 

NS1 and NP, and the pol I vRNA firefly luciferase plasmid. Only firefly 

luciferase activity is reported since NS1 will inhibit the expression of the 

renilla transfection control. RT-PCR for the firefly mRNA is shown. NS1 

increases firefly activity and mRNA synthesis in cooperation with NP.  

A second assay that suggests that NS1 stimulates viral transcription, but not 

replication, is performing the mini-genome assay with NS1, but starting with the cRNA 

template instead of the vRNA template. I transfected plasmids expressing the polymerase 

subunits, the pol I plasmid that produces the cRNA template, and plasmids expressing 

NS1, NP or both. The results show that NS1 is unable to stimulate firefly activity alone 

(Figure 3.8). This result strongly suggests that NS1 is unable to stimulate vRNA 

synthesis from the cRNA template without NP. However, when NP and NS1 is 

transfected together, the firefly activity surpasses NP alone because once NP stimulates 

vRNA synthesis, then NS1 is able to stimulate mRNA synthesis. Since NS1 stimulates 
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mRNA synthesis in the absence of NP, then this assay can be used to determine if the PA 

mutants are active. 

 

 
FIGURE 3.8 NS1 DOES NOT STIMULATE MRNA SYNTHESIS FROM CRNA TEMPLATE. 

Pol II plasmids of PB2, PB1, and PA were transfected with pol II plasmids 

of NS1 and NP, and the pol I cRNA firefly luciferase plasmid. Only firefly 

luciferase activity is reported since NS1 will inhibit the expression of the 

renilla transfection control. 

 
FIGURE 3.9 PA MUTANTS IN THE NS1 MINI-GENOME ASSAY. Pol II plasmids 

producing NS1, PB2, PB1 and mutant or wild type PA were transfected 

into 293T cells along with a vRNA pol I firefly luciferase template. 

Mutants P2 and P3 function similar to wild type indicating that they 

function in transcription. 
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The NS1 analog of the mini-genome assay was used to test the PA mutants that 

greatly reduced replication in the NP mini-genome assay. The results show that the P2 

and P3 mutants function like wild type PA in the NS1 mini-genome assay (Figure 3.9). 

The P1 mutant is reduced by half in the NS1 mini-genome assay. This result suggests that 

at least two mutants are functionally like wild type except their ability to interact with 

NP.    

  

 
FIGURE 3.10 CAVARYING POSITIONS AND EVALUATED POSITION IN PA. The sites 

shown to covary in multiple lineages are shown in magenta and labeled in 

white. The sets of sites evaluated, P2 (327, 329, 330 and 332) and P3 

(538), are shown in blue and labeled in orange. 

Covariation found four positions in PA that may be close to the interacting site 

with NP. Using these as a guide along with the crystal structure, I made three sets of 

mutations and tested them for binding with immunoprecipitation and for function using 

the mini-genome assay. Two out of the three sets of mutations were shown to reduce 

binding, while still retaining function in the NS1 mini-genome assay for transcription. 

387

272

277

321

PA: (C-terminus)

E538

E327, G329, I330, P332



58 

 

These two sets of mutations are shown in Figure 3.10. The most interesting of these is 

E538A since it is a single point mutation.  

 Therefore, this implementation of covariation did aid in finding one of the areas 

of the polymerase complex where NP binds. That covariation aided in finding a binding 

region in PA, but failed to find one on NP may be due to different natures of the binding 

interface on the two different binding partners. Since the NP head domain loop that was 

found to interact with the polymerase is conserved, then these positions are unable to 

covary with any other position since they do not vary. For a covariation signal to be 

detected the positions can not be conserved.  

 

This method found the binding site of PA to NP. This is the first report that we are 

aware of that shows the binding of PA to NP. If the binding is direct has yet to be 

determined. The binding may be direct, but that the binding site on PA is near the large 

24 angstrom loop of the PA structure indicates that this loop may be important. One 

hypothesis is that this loop envelopes the RNA hairpin of the viral 5‟ UTR in the 

corkscrew region. Twenty four angstroms is roughly the expected size of such a hairpin, 

that region of PA is basic indicating that it binds RNA, and its location in the cryo-EM is 

consistent with the location of the 5‟ UTR corkscrew. NP may thus be affecting the 

switch from transcription to replication by altering the binding of PA to the corkscrew 

promoter.  

 

Since the method of using covariation as measured by mutual information had 

such a large phylogenetic signal, I had to compensate for this by looking at covariation in 

multiple lineages. If this approach is to be generalized to other situations and phylogenies 
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to find potential protein-protein interactions then more sophisticated methods than 

manually dividing the phylogeny into lineages would have to be employed.  

 

Binarization 

One problem with mutual information is that if one position has two possible 

amino acids and a second has three possible amino acids at a position, then there is the 

possibility that in order for the hypothetical function to be maintained just two of the 

amino acid residues have to covary. I tried to solve this issue by turning the amino acid 

positions into binary values, by grouping all amino acids at a position into multiple 

positions comprised of just two groups. If there already were just two amino acids 

possible at a position, then the position is already effectively binary. If there are three 

amino acids possible then that positions is expanded to be all possible combinations of 

the three amino acids, in this case three. If the variability in a position is large then those 

positions get expanded to very large amounts of binarized positions. Therefore it became 

practically useful to have some minimum number of a specific amino acid at a position 

for it to be considered in the binarization process. Otherwise that strain is just ignored 

when calculating mutual information for that position. This process is shown in Figure 

3.11. 

 

 

  



60 

 

 
FIGURE 3.11 BINARIZED POSITIONS. This shows the method of converting an amino 

acid alignment into an alignment of only two values. If a position in an 

alignment has two values then it is already binary. If there are more than 

one amino acid in a position, positions of every possible combination of 

these two positions is created, each one of them binary. Here, black 

positions represent amino acids that were not abundant enough to 

consider. These strains are ignored.  

Once an amino acid alignment had been binarized, the same mutual information 

algorithm can be applied as before. The same clusters of phylogenetic noise appear. 

However, since the alignment is binarized it becomes very easy to produce a 

corresponding alignment where the clustered strains are on the y-axis and the binarized 

positions are on the x-axis and can be navigated using the program TreeView (Figure 

3.12). 

Binarized (1)        1             2                Binarized (2)

Positions

St
ra

in
s
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FIGURE 3.12 SEQUENCE ALIGNMENT OF BINARIZED POSITIONS. Binarized and 

clustered alignment of 3910 influenza strains and all proteins except HA 

and NA. The alignment shows genomic signatures of all major influenza 

lineages. Also, the human H1N1 and H3N2 lineages automatically sorted 

themselves by age. This is of great utility when trying to identify the year 

that a specific amino acid substitution occurred. 

This process has had two implications worth mentioning. Seasonal influenza has a 

cactus like phylogenetic tree where three to four amino acid changes accumulate every 

year. An example of a phylogenetic tree of the influenza NP gene is shown in Figure 

3.13. Dealing with the sequence alignment in this binarized format makes it much easier 

to determine what year certain amino acids have occurred. This ability has been of very 

high utility as opposed to looking at large numbers of sequences in a conventional 

alignment viewer like BioEdit. 

Binarized Positions

S
tr

a
in

s

Avian non-pathogenic

H5N1 & H9N2/H6N1

Reassortants

Human H1N1

Human 

H3N2 and

H2N2

H1N1       Avian   H3N2 – Position Signatures

1918

Time

2007

1957

Time

2007

Binarized Positions

S
tr

a
in

s

Avian non-pathogenic

H5N1 & H9N2/H6N1

Reassortants

Human H1N1

Human 

H3N2 and

H2N2

Binarized Positions

S
tr

a
in

s

Binarized Positions

S
tr

a
in

s

Avian non-pathogenic

H5N1 & H9N2/H6N1

Reassortants

Human H1N1

Human 

H3N2 and

H2N2

H1N1       Avian   H3N2 – Position Signatures

1918

Time

2007

1918

Time

2007

1957

Time

2007

1957

Time

2007



62 

 

  
FIGURE 3.13 PHYLOGENTIC TREE OF INFLUENZA NP GENE. The human late H1N1 

(after 1977) and human H3N2 lineages take on a cactus like appearance. 

For example, if you wanted to know which strains had what amino acid at 

position 48 of the NS1 protein, it takes roughly a minute to look over 3910 sequences and 

find that low pathogenic avian strains have serine (S), high pathogenic H5N1 has aspartic 

acid (N) except a few strains from western Africa which have S, equine influenza has S, 

H9N2 viruses have S, human H1N1 has S, and human H3N2 has S up until 1985 after 

which H3N2 exclusively has N. This script was written in 2007. Since then other 

programs have been written (Liu et al. 2009) that allow the simultaneous visualization of 

a sequence alignment (not binarized) and a phylogenetic tree (not a hierarchical 

clustering). A screen capture the TreeView program navigating a binarized sequence 

alignment is shown in Figure 3.14.   

One strength of this approach is that it allows visualization of broad changes in 

sequence alignments. The broader the change the easier it is to visualize. More granular 

changes such as in H5N1 are harder it is to see the trends, but the user is still able to 

focus on that region and quickly find which positions change in different H5N1 
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outbreaks. The biggest drawback is that the dendrogram on the y-axis is not a 

phylogenetic tree and that the positions are not true positions so it takes a getting used to.  

 

 
FIGURE 3.14 SCREEN SHOT OF A CLUSTERED BINARIZED SEQUENCE ALIGNMENT 

NAVIGATED IN JAVA TREEVIEW. (A) The overall sequence alignment. 

You can zoom into clusters of interest such as the one at the arrow point of 

(A) and it will be represented in the central window (B). From here you 

can see which strains are contained in the cluster (C) and which binarized 

positions are contained in the cluster (D). Because of the naming of the 

binarized positions include how they were derived, it is easy to know what 

real protein positions these binarized positions are referring to.  

Human versus Avian Signatures 

There is great interest in determining sequence signatures for human versus avian 

strains. The most straightforward method is to look at positions that are largely conserved 

for human strains and avian strains, but that are different between the two groups. For 

example, position 283 of the NP protein is mostly proline in human strains and leucine in 

avian strains. This general method has been employed in several studies where the main 
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difference was how they measured conservation. Taubenberger determined conservation 

by inspection of a small number of sequences; he was mainly interested in the 

polymerase genes and reported 10 positions to be human versus avian signatures 

(Taubenberger et al. 2005). Shin-Ru Shih‟s group used entropy as a measure of 

conservation and found 50 positions to be human versus avian signatures (Chen et al. 

2006). Finkelstein used a variant of the statistical chi squared test and found 32 positions. 

The Finkelstein study also plotted the accumulation of human signatures over time and 

found that by around 1950 99% of human signatures had been acquired (Finkelstein et al. 

2007).  

All of the variants of this method suffer from an important drawback. If a position 

can be either methionine or isoleucine in human strains, but only leucine in avian strains, 

then that method would miss these types of positions because the position was not 

conserved in humans. For example, this exact situation occurs in NP position 136 and 

was missed by these three studies. 

By looking at the binarized sequence alignment, then it is possible to detect those 

positions that contain one set of amino acids for avian strains and a different set of 

positions for human strains. For instance, this cluster defining human versus avian 

positions can be seen very clearly in Figure 3.7. Since I had already written an algorithm 

that calculated mutual information, I calculated the mutual information between the 

binarized positions and whether the strain was avian or human. The results are shown in 

Table 3.1. Mutual information applied to a binarized sequence alignment detected 100 

positions in all influenza proteins that are human versus avian signatures. All positions 

found in previous studies were also found. 
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TABLE 3.1 HUMAN VS AVIAN SIGNATURES FOUND BY DIFFERENT STUDIES. This table 

presents amino acid signatures found by Taubenberger (Taubenberger et 

al. 2005), Clayton Naeve‟s group (Finkelstein et al. 2007). Shin-Ru Shih‟s 

group (Guang-Wu Chen et al. 2006), and the covariation method. 

 

 

 

As an example of what these results look like for an individual protein, the human 

versus avian signatures for the NP protein are shown in Table 3.2. The positions that are 

in bold were also found in the study from the Shin-Ru Shih group. The positions that only 

have two amino acids possible were more likely to be found by both methods. Again, an 

example of this is position 283 where proline denotes a human strain and leucine denotes 

an avian strain. Positions like 136, where human strains can be either methionine or 

isoleucine, but avian strains only leucine, were not detected in the previous studies. 

  

 

 

 

 

 

Taubenberger Shin-Ru Naeve Co-vary

PB2 5 8 10 17

PB1 1, (375) 2 3

PB1-F2  5 10

PA 4 10 10 19

NP 15 6 20

M1 3 3 4

M2 4 13

NS1 1 3 10

NS2 2 4

HA  2

NA  0
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TABLE 3.2 HUMAN VS AVIAN RESIDUES FOUND IN NP PROTEIN. This table shows the 

position in NP and the mutual information of a particular division of 

amino acid residues and whether the strains are human or avian. Positions 

in bold were also found in the Shin-Ru Shih paper (Guang-Wu Chen et al. 

2006).  

 

 

For an interpretation of why this approach of looking at groupings of amino acids 

per position detects more human versus avian signatures a short backgrounder on human 

influenza is helpful. Human influenza in the H1N1, H2N2 and H3N2 lineages follow a 

cactus like phylogenetic tree where nucleotide substitutions and amino acid substitutions 

accumulate at a steady rate (Chen and Holmes 2006). This steady rate corresponds to an 

amino acid accumulation rate of around 3 amino acids substitutions per genome per year. 

The H1N1 lineage was predominant in humans from 1918 to 1957. In 1957 a 

reassortment event of the HA, NA and PB1 genes produced a H2N2 virus that completely 

displaced the H1N1 virus in humans. In 1967, a similar reassortment event produced the 

H3N2 virus that completely displaced the H2N2 virus and has been endemic in the 

human population since then. In 1977, an H1N1 virus virtually identical to an H1N1 virus 

from around 1950 appeared in the human population and has existed in the human 

population alongside the H3N2 virus. The reason for this re-emergence is unknown but 

two theories are discussed. The virus may have existed in frozen arctic ice before 

NP MI [Human][Avian] NP MI [Human][Avian]

16 0.65  ['D'] ['S' 'G'] 353 0.51  ['L' 'S' 'I'] ['V']

33 0.46  ['I'] ['V'] 357 0.62  ['K'] ['Q']

61 0.64  ['L'] ['I'] 372 0.6  ['D'] ['E']

100 0.64  ['V' 'I'] ['R'] 373 0.31  ['N' 'S' 'A' 'V'] ['T']

136 0.5  ['M' 'I'] ['L'] 375 0.61  ['E' 'G' 'V'] ['D']

214 0.64  ['K'] ['R'] 422 0.62  ['K'] ['R']

283 0.65  ['P'] ['L'] 423 0.58  ['P' 'S' 'T'] ['A']

293 0.55  ['K'] ['R'] 442 0.62  ['A'] ['T']

305 0.62  ['K'] ['R'] 450 0.47  ['G' 'S'] ['N']

313 0.65  ['Y'] ['F'] 455 0.63  ['E'] ['D']
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reintroduction or it may have been re-introduced by a lab accident. So in short, the H1N1 

and the H2N2/H3N2 lineage diverged in 1950. After this point, the amino acids that 

accumulated in H1N1 after 1977 are different from the amino acids accumulated in the 

H2N2/H3N2 lineage, although both lineages kept accumulating around 3 changes per 

year. This can be seen in Figures 3.7 where there are clear H1N1 and H3N2 signatures. 

These represent the amino acid changes that are specific for each lineage. So amino acid 

substitutions occurring after 1950 would not be detected because after that year there 

were two human lineages and both would have to experience the same substitution to be 

detected as a human versus avian signature. One implication of this is that the 

interpretation like that one by Finkelstein that human influenza acquired all human 

signatures by 1950. This is a result of the methodology of detecting human versus avian 

signatures and the phylogeny. A reproduction of their figure showing that human 

influenza became fully adapted to humans is shown in Figure 3.15. Since human 

influenza keeps acquiring around 3 amino acid changes per year more than 100 years 

after the 1918 introduction from wild birds and that the H1N1 and H3N2 lineages 

acquired different amino acid changes raises the question of whether the amino acid 

changes that occurred up until 1950 are involved in host adaptation. There is the 

possibility that the amino acid substitutions that occurred earlier in the century were more 

involved in host adaptation than random drift. It is difficult to determine this without 

testing each mutation. In our laboratory, we have tested the mutation T215P of the 

influenza NS1 protein. This positions is detected as a human versus avian signature my 

all studies except the Taubenberger study. In humans it is threonine and in avian viruses 

is it proline. In out laboratory we detected no difference in the growth of a human virus 

with a T215P mutation indicating that this position‟s role in host adaptation is dubious. .  
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FIGURE 3.15 INFLUENZA BECOMES MORE HUMAN. Influenza acquires more human 

versus avian signature over time. Influenza is shown to have acquired all 

signatures by the year 1950 (adapted from Finkelstein et al. 2007).  

The human versus avian signatures, especially in internal genes, may or may not 

be changing in response to selective pressure, or they may be changing as a result of 

hitchhiking with mutations that occur as a result of selective pressure applied to the 

surface proteins. Ideally a human versus avian signature would imply some interaction 

with a host factor. 

A more recent study applied a maximum likelihood approach and found some of 

the same positions that covariation found, missed some, and found extra positions 

(Tamuri et al. 2009; dos Reis et al. 2011). However this approach focused mainly on the 

number of transitions in the phylogenetic tree. This led them to conclude many positions 

to be human versus avian signatures when only very few instances of that amino acid 

were found. For instance, the study reported that position 335 of NP which can be either 

serine (S) or phenylalanine (F) has indications of change due to selective constraints due 

to host shift. However, this position is conserved in birds (to S) and all human strains in 

an alignment of 12,202 proteins to S except for 11 which are F.  
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In summary, I used covariation as measured by mutual information to predict 

residues that may be involved in protein-protein interaction. Initial attempts showed large 

amounts of phylogenetic noise. The phylogenetic noise was corrected for by finding 

residues that covaried over multiple lineages. Once corrected for phylogeny I used the 

predicted residues to find areas in the NP and PA protein that may interact. The 

predictions failed to aid the search for sequence residues in NP involved in interacting 

with PA or the polymerase in general. For PA the predictions from covariation did aid in 

finding sequence residues in PA involved in binding NP. The process of developing the 

method of covariation also allowed the development of a method to view very large 

sequence alignments and view broad changes in the sequence space. This method has had 

practical application in quickly viewing how influenza positions have changed over time.  
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Supplement: Materials and Methods.  

Dual Luciferase Mini Genome Assay 

Luciferase assay was performed with a dual-luciferase reporter assay system 

(Promega, Madison, WI) on a microplate luminometer (Mithras insert more) according to 

manufacturer‟s instructions. Cells were transfected with 0.25ug of pol II promoter 

containing plasmids (pcDNA3) expressing PA, PB1 and PB2 and 0.5ug of a pcDNA3 

plasmid expressing NP. The influenza polymerase acts on a template produced by 

transfecting a plasmid that generates a template under pol I control (pHH21) leaving the 

template RNA with no 5‟ cap or polyadenylation. The template is a firefly luciferase gene 

coding region flanked by the 5‟ and 3‟ promoter regions of the Udorn NS1. As an internal 

control for the dual-luciferase assay, a renilla luciferse under pol II control was used. 

Typically a 6cm dish of 293T cells would be tranfected at 50% confluency and harvested 

at 20 hrs. 40% of cells would be used for luciferase assay, 60% would be used for RNA 

isolation. 

 

RNA isolation 

RNA was isolated with Trizol (Invitrogen) according to manufacturer‟s 

instructions. 60% of cells from a 6cm dish were lysed with 1ml Trizol. 200ul chloroform 

was added and shaken vigorously for 30 sec. After centrifuging for 15 min at 12 krpm the 

aqueous phase of 550 ul was combined with 500 ul isopropanol to precipitate the RNA. 

The sample was centrifuged at 12 krpm for 15 min. The pellet was washed with 75% 

ethanol and then dried. In 80ul volume the RNA was treated with DNase (Invitrogen) at 

37 C for at least 30 min to remove any plasmid DNA contamination. The sample was 

then phenol/chloroform extracted and precipitated in 75% ethoanol and 0.5 M ammonium 
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acetate. After centrifugation at 12 krpm for 15min the pellet was air dried and 

resuspended in 40 ul DEPC treated water.    

 

Size exclusion chromatography 

Size exclusion chromatography was carried out using Superdex 200 HR 10/60 

column. The sample was dissolved in 20 mM Tris–HCl, 100 mM NaCl, 0.1 mM EDTA, 

10 mM 2‐mercaptoethanol and 10% glycerol, pH 7.5, then loaded onto the column 

equilibrated with the same buffer. The molecular sizes of ttRecJ and cd-ttRecJ were 

estimated using a Molecular Weight Marker Kit (Sigma). 

 

Assays for viral RNA transcription and replication in vitro.  

The 50-nt NS (genome segment 8) vRNA template was
 
chemically synthesized 

and purified by Integrated DNA Technologies.
 
The U3A vRNA (40 pmol) was incubated 

with the purified viral polymerase
 
(0.3 µg, 1.2 pmol) for 15 min at room temperature in a

 

final volume of 25 µl in reaction buffer [50 mM Tris,
 
pH 7.4; 5 mM MgCl2; 2 mM 

dithiothreitol; 5 units RNase inhibitor).
 
After addition of ATP, CTP, and GTP (each at 1 

mM final concentration)
 
and [ -

32
P]UTP (0.01 mM, 3 Ci/mmol), the mixture was 

incubated
 
for 1 h at 30°C. NP (0.3 µg, 5.4 pmol)

 
was then added, where indicated. After 

addition of the four
 
nucleoside triphosphates, the mixtures were incubated for 1

 
h at 30°C. 

RNA
 
was isolated by phenol-chloroform extraction and precipitated

 
with isopropanol. 

RNA was resuspended in loading buffer (47.5%
 
formamide, 0.25 mM EDTA, 0.0125% 

SDS), heated for 5 min at 95°C,
 
and resolved on 10% polyacrylamide gels containing 8 

M urea.
 
Labeled RNA products were quantitated using the Bio-Rad PhosphoImager. 
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Assays for the binding of NP to the polymerase 

293T cells in a 6cm dish (Falcon) were transfected with a pcDNA3 plasmid 

encoding 3X FLAG-NP (C-terminal) or, as a control, an empty pcDNA3 plasmid along 

with a pcDNA3 plasmid encoding PA, PB1 or PB2 conjugated to a V5 tag (N-terminal). 

Extracts were prepared from cells at 24 hr post transfection by lysing the cells in 600ul of 

100mM Tris (pH 7.5), 250mM NaCl, 0.5% NP-40 and 1mM phenylmethylsulfonyl 

fluoride. Immunoprecipitation was carried out with anti-FLAG M2 monoclonal antibody 

conjugated magnetic beads (Sigma). The cleared lysate was allowed to bind to the beads 

for 18hrs at 4C. The beads were washed 3 times for 10min in 50mM Tris (pH 7.5), 

150mM NaCl and 0.5% NP-40. Protein was eluted from the beads for 2 hours using 

0.625mM 3X FLAG elution peptide (Sigma) in a buffer of 50mM Tris (pH 7.5), 150mM 

NaCl, 1.2% Triton X-100, 10% glycerol, and 0.2mM EDTA. The immunoprecipitates 

were analyzed by immunoblotting using antibody directed against the Ud NP protein, the 

3X flag tag or the V5 tag.  

 

Transfection of cell lines 

Transfections were carried out using Mirus transfection reagent according to the 

manufacturer‟s protocol. 

 

RT-qPCR 

293T cells were transfected with the WT or mutant influenza NP along with PB2, 

PB1, PA and a firefly luciferase gene with 5’ and 3’ UTRs from the NS gene, as 

described for the luciferase assay. After RNA isolation, for each sample, 1 g of total 

RNA, which corresponds to equal cell equivalents, was reverse transcribed (SuperScript 
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II, Invitrogen), using primers specific for vRNA, cRNA, firefly mRNA, or renilla mRNA. 

The amounts of firefly vRNA, cRNA, mRNA, and renilla mRNA were determined using 

quantitative PCR. The Universal ProbeLibrary #142 (Roche) was used for both renilla 

and firefly genes.  The PCR was carried out with the probe, FastStart TaqMan Probe 

Master with Rox (Roche) and primers specific for each type of RNA. Real-time PCR 

analysis was carried out using the Perkin–Elmer/Applied Biosystems 7900HT Sequence 

Detector. 

 

TABLE S.1 PRIMERS FOR RT AND QPCR. The letters that are in upper case are 

homologous to the gene. The parts of the primers in lower case are not 

homologous to the gene and serve as tags to be used in the PCR step 

(Kawakami et al. 2011). 

 

 

Immunofluroscence and confocal microscopy 

Hela cells were grown in four chamber cover glass bottom microscopic slide (Lab 

Tek) and transfected with pcDNA3 plasmids expressing either wild type or mutant NP. 

After 12 hours, the cells were washed with PBS and fixed with 4% paraformaldehyde for 

20 minutes at room temperature. Following three washes with PBS, the cells were 

Primers for RT reaction Primers for qPCR

vRNA gacgtcatgaataggatgaatcgAGCAAAAGCAGGGTGACAAAG gacgtcatgaataggatgaatcg

CATTACACGGCGATCTTTCC

cRNA gctagattcagactaggtcactcgAGTAGAAACAAGGGTGTTTTTTATCA gctagattcagactaggtcactcg

CGACGCAAGAAAAATCAGAGAGA

mRNA cgcagatcgttcgagtcgTTTTTTTTTTTTTTTTTTTTTTATCATTAC ccaggattcttttccaatgc

firefly CGACGCAAGAAAAATCAGAGAGA

mRNA cgcagatcgttcgagtcgTTTCATCAGGTGCATCTTCTTGC ccaggattcttttccaatgc

renilla CGCAGATCGTTCGAGTCGT

Probe #142 GCCAAGA
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permeabilized in 0.5% Triton X-100 in PBS for 10 minutes on ice. Cells were then 

washed three times with PBS and incubated in blocking solution (PBS-NGS-gelatin; 

0.5ml of 100% normal goat serum and 0.2ml of 10% gelatin in 1X PBS) for half an hour 

at room temperature followed by incubation with anti Udorn primary antibody (1:200 

dilution in PBS-NGS-gelatin blocking solution) for one hour at room temperature or 

overnight at 4ºC. Following incubation with primary antibody, the cells were washed 3 

times with PBST (PBS with 0.1% Tween 20), and incubated with secondary antibody 

(1:200 dilution in blocking buffer) in dark for 30 minutes at room temperature. Secondary 

antibodies used included donkey anti goat IgG conjugated to FITC (Jackson Labs). After 

incubation with secondary antibody, the cells were washed as described above (in dim 

light), stained with DAPI (1μl of 1mg/ml stock concentration in 15ml PBS) in dim light, 

washed with PBS and then observed using the 40X oil immersion objective in the Leica 

confocal microscope at the UT Austin ICMB core facility. The images were processed by 

LCS Lite software. 

 

Fluorescence polarization 

Fluorescence polarization (FP) was measured using a PanVera Beacon 2000 FP 

system at room temperature. Samples were excited at 490 nm and emission was measured 

at 520 nm. The reaction buffer used for all experiments contained 20 mM Tris pH 7.5, 

200 mM NaCl, 5 mM 2-mercaptoethanol, and 1 mM EDTA. A 5‟-fluoresceinated 20-mer 

RNA oligonucleotide (
5′
AGUAGAACAGGGUGACAAAG

3′
 with the conserved 5‟ 

vRNA sequence) was chemically synthesized (Dharmacon). For each experiment, protein 

was serially titrated into a 0.99 ml reaction buffer containing 0.2 nM fluoresceinated 
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oligonucleotide until the reaction reached saturation.  Each protein titration was repeated 

in triplicate. The data were fitted to a sigmoidal curve using Igor Pro (Wavemetrics, CA). 

 

Immunoblotting and antibodies 

Proteins were resolved on 8-12% SDS PAGE using the Biorad mini-gel system, 

and transferred to a nitrocellulose membrane using semi-dry Western transfer apparatus 

using 0.8mA/cm2 current. For immunoblotting, membranes were blocked with TBST 

(Tris Borate Saline containing 0.2% tween 20) containing 5% milk for at least 30 minutes 

at room temperature, followed by incubation with primary antibody diluted in blocking 

buffer for 1-2h at room temperature or overnight at 4ºC. Primary antibodies used 

included rabbit anti Udorn antiserum (1:5000 dilution) and mouse anti flag M2 

monoclonal antibody (Sigma, 1:1000 dilution). Following incubation with primary 

antibodies, the membrane was washed three times with 15-20ml of TBST for 10 minutes 

each at room temperature, and then incubated with secondary antibody diluted in 

blocking buffer for 1h at room temperature. Secondary antibodies used included goat anti 

rabbit IgG conjugated to HRP (Zymed, 1:10,000 dilution), goat anti mouse IgG 

conjugated to HRP (Zymed, 1:10,000 dilution), or donkey anti goat IgG conjugated to 

HRP (Santa Cruz, 1:10,000 dilution). Following incubation with secondary antibody, the 

membrane was washed with TBST as described above and developed with Pierce ECL 

chemiluminscent substrate. For ISG15 westerns, the blot was developed using Pierce 

supersignal west pico chemiluminescent substrate. 
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