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Influenza A viruses are a member of the family Orthomyxoviridae and are an 

important human pathogen causing wide spread disease and significant loss of life. The 

NS1A protein in influenza A virus plays a major role in blocking many cellular antiviral 

responses. The effector domain of the NS1A protein, which comprises the C-terminal 

two-thirds of the protein, mediates the viral post-transcriptional countermeasure against 

cellular antiviral response through binding to the 30kDa subunit of CPSF, an essential 

component of the cellular pre-mRNA 3’-end processing machinery. This binding inhibits 

the post-transcriptional processing of cellular antiviral pre-mRNAs resulting in their 

nuclear accumulation and degradation. However, the function of its N-terminal RNA-

binding domain has not been established. To determine the function of the RNA-binding 

domain of NS1A protein in virus infected cells, the recombinant influenza A virus 

encoding an NS1A protein lacking the binding site for dsRNA was generated. Analysis of 

the phosphorylations of PKR and eIF-2α in this mutant virus infected cells established 

that the dsRNA binding ability of NS1A is not required for blocking PKR activation in 

vivo. To determine whether the RNA-binding domain of NS1A protein is required for the 

resistance to the action of the interferon (IFN) in virus infected cells, an in vivo assay to 

determine the IFN sensitivity of viruses was developed. The IFN treatment caused 
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attenuation of the dsRNA binding defective mutant virus, but not wild type virus, in 

single cycle growth indicating that dsRNA binding ability of the NS1A is required for the 

resistance to the action of the IFN in infected cells. The same assay after RNaseL down-

regulation using RNA interference established that the resistance to IFN is mediated by 

blocking activation of [2’-5’ (A)] synthetase pathway. Since blocking PKR activation is 

not mediated by the RNA-binding domain of NS1A protein we determined whether 

another region of this protein is required for the inhibition of PKR activation. Serial 

mutagenesis experiments showed that amino acid residues 123 to 127 of NS1A protein 

are required for binding to PKR and the inhibition of its activation. Experiments using the 

PKR binding deficient mutant viruses revealed that the NS1A binding to PKR through 

amino acid residues 123 to 127 is necessary and sufficient for blocking PKR activation 

during influenza A virus infection. The activation of PKR in the mutant virus infected 

cells caused the inhibition of viral protein synthesis in virus infected cells. Moreover, the 

synthesis of viral mRNA was greatly enhanced at earlier times of this mutant virus 

infection, suggesting a functional interaction of the NS1A with the viral RNA polymerase 

through this region.  
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CHAPTER I 

LITERATURE REVIEW 

 

1. Influenza Virus 

 

 Influenza viruses are a member of the family Orthomyxoviridae and are important 

human pathogens causing a highly contagious respiratory disease and significant loss of 

life. In the United States, approximately 114,000 people are hospitalized and 36,000 

people die from influenza infection each year (Brammer et al. 2000; Prevention 2005). 

These annual epidemics have a large economic impact, and the avian influenza A viruses 

that are currently circulating in Asia might be expected to cause the next human 

pandemic (see “The emergence of new pandemic strain in humans” below). The CDC has 

predicted a 3-7 fold increase in the hospitalization and mortality rate and at least a 20 fold 

increase in economic impact in the United States alone, should a pandemic occur. The 

effect would be many times more devastating in regions of the world where the health 

care system is not comparably advanced.   

Influenza is an enveloped virus and its genome consists of eight single-stranded 

negative-sense RNA segments (Lamb and Krug 2001). Based on the antigenic differences 

between their nucleocapsid (NP) and matrix (M) protein, influenza viruses are commonly 

divided into four groups, influenza A, B, C, and D (Lamb and Krug 2001; Wright and 

Webster 2001). Among these, virus epidemics in humans are caused only by influenza A 

and influenza B viruses. Influenza A viruses, which infect a wide number of avian and 
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mammalian species, are responsible for the periodic widespread epidemics, or pandemics, 

that have caused high mortality rates. The most devastating pandemic occurred in 1918, 

which caused an estimated 20 to 40 million deaths worldwide. Less devastating 

pandemics occurred in 1957 and 1968. Influenza B viruses, which infect almost 

exclusively humans and possibly seals (Osterhaus et al. 2000), cause infections comprise 

about 20 % of the yearly cases, but influenza B virus does not cause pandemics. Most of 

our knowledge about influenza viruses comes from the study of influenza A viruses, 

which will be the focus of this literature review. 

 

1.1   The eight viral genes and proteins of influenza A virus 

 

The Influenza A virus genome consists of eight single-stranded negative-sense 

RNA segments which encode 10 proteins (Lamb and Krug 2001) (Figure 1.1). The three 

largest segments encode for the three viral polymerase subunits, PB1, PB2, and PA, and 

an alternate reading frame in PB1 encodes the non-structural apoptotic protein PB1-F2. 

The three medium sized segments encode 3 structural proteins, hemagglutinin (HA), 

nucleocapsid protein (NP), and neuraminidase (NA). The two smallest segments encode 

two proteins each. The M segment encodes both the matrix protein (M1) and the ion 

channel protein (M2). The NS segment encodes the non-structural (NS) proteins NS1A 

and NS2A (reviewed in Lamb 1989). Like other negative-stranded RNA viruses, the 

virion contains the polymerase that carries out the initial copying of the single-stranded 

virion RNA (vRNA) into viral mRNAs. The polymerase, which is comprised of three  
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Figure 1.1 Diagram of the structure of influenza A virion. The location of the nine 
virion proteins, the viral envelope, and the eight genomic RNA segments are indicated. 
The NS1A protein is found only in infected cells, and not in virion particles. Modified 
from Noah & Krug (2005).  
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subunits (PB1, PB2 and PA), is associated with each of the vRNA segments. Along with 

the polymerase complex, NP protein is also bound to vRNA segments at regular intervals 

along their entire length and as a result all eight segments of genomic RNA exist in the 

form of ribonucleoprotein (RNP). The major surface protein HA binds to sialic acid-

containing receptors on host cells and prevents actions of cellular neutralizing antibodies. 

Another viral surface protein NA removes sialic acid from glycoproteins thereby 

obviating aggregation of the budding virions on the cell surface. The viral matrix protein, 

M1, is the most abundant virion protein and underlies the viral lipid membrane to interact 

with the virion RNPs (vRNPs) and the cytoplasmic tails of the surface proteins, HA and 

NA. The ion channel protein, M2, is essential for virus uncoating as it permits ions to 

enter the virion during uncoating and also acts as an ion channel that modulates the pH of 

intracellular compartments. The NS2A protein mediates the export of newly synthesized 

vRNPs from the nucleus to the cytoplasm. NS1A is not incorporated into virions and only 

found in infected cells. NS1A protein is a multi-functional protein as discussed more in 

detail below. 

 

1.2.   Replication of influenza A virus (Figure 1.2) 

 

 Influenza A viruses bind to sialic acid residues present on cell surface 

glycoproteins or glycolipids and enter cells by a process called receptor-mediated 

endocytosis (Lamb and Krug 2001). Following internalization and fusion with an 

endosome, the low pH in the endosome disrupts protein-protein interactions and liberates  
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Figure 1.2 Diagram of Influenza A virus replication. Influenza A viruses bind to cell 
surface receptor and enter cells by receptor-mediated endocytosis. Following 
internalization and fusion with endosome, viral RNPs are released in the cytoplasm. In 
the nucleus of infected cells, the viral RNAs are both transcribed into mRNAs and 
replicated by polymerase complex. The newly synthesized viral RNPs are exported into 
the cytoplasm and mature virions bud from the cell surface. Modified from 
http://www.accessexcellence.org/RC/VL/GG/influenza.html.   
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the RNPs in the cytoplasm. RNPs enter the nucleus through the nuclear pore as an intact 

RNP. In the nucleus of infected cells, the viral RNAs (vRNAs) are both transcribed into 

viral mRNAs and replicated by polymerase complex (Krug et al. 1989). 

 The influenza viral mRNAs are synthesised by a distinctive process called “cap 

snatching”. It requires initiation by specifically capped (m7GpppNm-containing) RNA 

fragments derived from cellular pre-mRNAs in the nucleus (Krug et al. 1989). The viral 

cap-dependent endonuclease is responsible for the cleavage of the cap from cellular 

mRNAs. Specifically, it cleaves the capped cellular RNAs 10 to 13 nucleotides from their 

5’ end (Plotch et al. 1981). The viral polymerase complex (3Ps complex) then initiates 

cap-primed synthesis of its own mRNAs and elongates these messages until the 

polymerase complex reaches a stretch of 5 to 7 uridine (U) residues 15 to 22 nucleotides 

before the 5’ end of the vRNA template. By reiteratively copying this short stretch of U 

residues in the virion RNA template, the viral polymerase generates a poly A tail for the 

viral mRNAs (Plotch et al. 1979; Li and Palese 1994; Poon et al. 1999). As a result, viral 

mRNAs are not full-length copies of the vRNAs, nor do they require cellular factors for 

their 3’end processing. 

 Replication of vRNA occurs in two steps: (a) the synthesis of full-length copies of 

the vRNAs (called complementary RNAs or cRNAs); and (b) the copying of cRNAs into 

vRNAs (Lamb and Krug 2001). Unlike viral mRNA synthesis, the synthesis of cRNAs 

and vRNAs is initiated without primer (unprimed initiation) and is not terminated at the 

poly (A) site (antitermination). Although it is not clear what form of polymerase complex 

and what specific proteins are required for the switch from capped RNA-primed 
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transcription to unprimed replication, it has been known that NP protein is required for 

antitermination. NP is also required for the copying of template RNAs to form cRNAs 

and vRNAs (Krug et al. 1989). Once replicated and assembled with newly synthesized 

viral proteins, the viral RNPs are exported into the cytoplasm and mature virions bud 

from the cell surface.  

 Influenza virus infection can be divided into an early and late phase of gene 

expression. The synthesis of all the viral mRNAs reaches its peak rate at the beginning of 

the late phase then decreases precipitously. The rate of synthesis of all the viral RNAs 

and viral proteins remains at or near maximum during the late phase (Shapiro et al. 1987). 

The significant part of the gene expression control mediated by influenza virus in infected 

cells is established through the preferential early synthesis of the NP and NS1A proteins 

and the delayed synthesis of the M1 protein (Shapiro and Krug 1988). Because NP 

protein is required for the synthesis of template RNAs and vRNAs, its synthesis takes 

place during the early phase of infection. NS1A protein is also required for the early 

functions as discussed below. The delayed synthesis of the M1 protein may be due to its 

inhibition of viral mRNA synthesis and nuclear import of RNPs (Martin and Helenius 

1991).  

 

1.3. The emergence of new influenza A virus in humans 

 

 The emergence of avian influenza A viruses that are currently circulating in Asia 

and their ability to cause fatal infections in humans have raised serious concern about a 
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global pandemic. Pandemic viruses can be generated by the process called “antigenic 

shift”. Because the genome is segmented, influenza viruses can form reassortant viruses 

between different strains within same type (A or B) but not between types. In case of 

influenza A virus, reassortants between human and avian strains can result in new 

pandemic viruses that encode a novel HA that is immunologically distinct from the HA 

of the previous circulating strain. As a result, the human population has little or no 

immunological protection against the new virus.  

 The virulent avian virus currently circulating in Asia was transmitted directly 

from chickens to humans without an intermediate host and contains only avian genes 

(Wright and Webster 2001). This virus has a new H5 HA subtype that is not present in 

circulating human strains, and N1 NA subtype; it is classified as a H5N1 virus. Although 

the ability of this virus to cause a human pandemic is limited because its HA only binds 

preferentially avian receptors (Matrosovich et al. 2004), there is some evidence for 

inefficient human-to-human transmission (Harvey et al. 2004). If this avian virus acquires 

the ability to be transmitted efficiently from human-to-human, it would be expected to 

cause the next human pandemic potentially resulting in millions of deaths.  

 

1.4.   Prevention and treatment of influenza virus infection: Vaccination and Anti-viral 

therapies 

 

 Currently, the most effective prophylactic measure available for the prevention of 

influenza infection is vaccination with killed virus (Lamb and Krug 2001). The vaccine is 
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designed to block the function of the viral hemagglutinin (HA) protein, which is used for 

viral attachment to the cell surface. This protein generally mutates from year to year, by 

the process called “antigenic drift”, thereby rendering the previous year’s vaccine 

ineffective (Wharton et al. 1989). As a result, an antibody is generated that binds to the 

viral hemagglutinin and neutralizes subsequent viral infection with a homologous virus. 

Unfortunately, in situations where a highly pathogenic influenza virus rapidly emerges, 

there may not be sufficient time to generate a vaccine, as this process usually requires up 

to six months. Therefore antivirals rather than vaccination, would serve as the first line of 

defense against rapidly spreading pandemics. 

 Early antivirals (amantadine and rimantadine) were developed to block the action 

of the viral M2 protein, an ion channel protein that functions during uncoating. However, 

these drugs are ineffective against influenza B virus as B viruses do not encode this 

protein, resistant type A viruses rapidly emerge, and the drugs have undesirable side 

effects (Winquist et al. 1999). Moreover, recently the H5N1 viruses that caused the 2003-

2004 outbreaks in Southeast Asia were reported to be resistant to amantadine and 

rimantadine (Suzuki et al. 2003). There were four amino acid substitutions in the M2 

protein that confer drug resistance. Recently, drugs (Zanamivir and Oseltamavir) that 

target the viral neuraminidase have been developed. The neuraminidase is not required 

for replication of the virus, but is required for release of infectious virus from the cell 

surface. These drugs were designed to be effective against both influenza A and B and 

have mild side effects. However, these drugs have not proven to be as effective as hoped. 

They reduce the duration of severe influenza virus symptoms by only one day and do not 
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decrease serious complications of influenza virus infection (e.g. pneumonia, 

hospitalization) (Calfee and Hayden 1998; Winquist et al. 1999). Moreover recently 

H5N1 virus that is resistant to the Oseltamavir has been isolated (Le et al. 2005). This 

isolate had a histidine to tyrosine substitution at position 274 in its NA protein and this 

mutation confers resistance to Oseltamavir. Further investigation is necessary to 

determine the prevalence of oseltamavir-resistnat H5N1 viruses among patients treated 

with this drug.  

 Clearly, new antivirals need to be developed to combat both the yearly epidemics 

and possible pandemics. In this thesis, the molecular function of NS1A protein is 

examined. The NS1 protein is not a structural component of the virus making it subject to 

less selective pressure than structural surface proteins, thereby undergoing fewer 

mutations from year to year. It is an important post-transcriptional regulator during 

influenza A replication and potentially important in blocking the antiviral response during 

infections. Thus NS1A should be considered as a target for antiviral therapies. 

 

2. The influenza A virus NS1 (NS1A) protein 

 

 Among eight single-stranded RNA genome segments of influenza A virus, the 

smallest RNA segment 8 encodes two proteins, NS1A and NS2A (Lamb et al. 1980). 

NS1A is encoded from the collinear mRNA transcript whereas NS2A, whose amino acid 

sequence is different from the NS1A, is translated from a spliced transcript of segment 8.  

The NS2A protein (Mr~14,000) was originally thought to be non-structural, but is now 
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known to be packaged in virions (130-200 molecules on average) in association with the 

M1 protein (Richardson and Akkina 1991; Yasuda et al. 1993). The NS1A protein 

(Mr~27,000), designated as nonstructural (NS) because it is synthesized in large amounts 

in infected cells, has not been detected in virions (Lazarowitz et al. 1971; Krug and 

Etkind 1973). The NS1A protein is highly conserved within influenza A viruses but 

poorly related among different types of influenza viruses. A single nucleotide change in 

NS1 gene causes a temperature-sensitive phenotype, suggesting the NS1A protein likely 

plays an essential role in virus life cycle (Wolstenholme et al. 1980). 

 

   The NS1A protein as a post-transcriptional regulator 

 Although the NS1A protein was first identified in 1971 (Lazarowitz et al. 1971) 

its function during influenza A virus infection remained unclear until the early 1990s. In 

vitro experiments indicate that NS1A is not involved in virion RNA synthesis. Virion 

RNA synthesis is not affected by the removal of endogenous NS1A protein (Shapiro and 

Krug 1988) nor is the NS1A protein required for recombinant influenza virus replication 

in an artificial vaccinia virus replication system (Huang et al. 1990). However our recent 

experiments (Chapter IV) indicate that the NS1A protein may have a role in virus-

specific RNA synthesis. Recent experiments have shown that the NS1A protein is a 

multi-functional protein with a major function being in post-transcriptional regulation of 

cellular gene expression (reviewed in Lamb and Krug 2001).  

 Two functional domains have been identified in NS1A protein (Figure 1.3A) by 

introducing a series of equally spaced alanine substitutions along the entire length of wild 
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type NS1A protein (Qian et al. 1994). Then these mutated proteins were assayed for their 

ability to inhibit the nuclear export of pre-mRNAs and to bind to specific RNA targets in 

vitro. The first identified domain is the RNA-binding domain which encompasses the N-

terminal 73 amino acids of NS1A protein. The RNA-binding domain is required for 

protein dimerization, an event necessary for protein function, and binds specifically with 

similar dissociation constants to three RNAs: dsRNA, a specific stem-bulge of U6 

snRNA, and poly (A) RNA (Qiu and Krug 1994; Lu et al. 1995; Qiu et al. 1995). It also 

binds to a specific stem-bulge in the minor snRNA and U6 atac snRNA with a lower 

affinity (Wang and Krug 1998). The RNA-binding domain of NS1A binds dsRNA with 

low affinity: the Kd of the RNA binding domain with a 16 base-pair dsRNA is ~1µM. By 

comparison, the predominant class of cellular dsRNA-binding proteins, which contain 

one or more domains referred to as dsRBMs, have approximately 5,000-fold higher 

affinity for dsRNA (Wang et al. 1999; Tian and Mathews 2001). Mutagenesis 

experiments have established that the dimer structure is required for dsRNA binding 

(Nemeroff et al. 1995), and that the arginine side chain at position 38 is the only amino-

acid side chain that is absolutely required only for dsRNA binding and a second amino 

acid, lysine at position 41, makes a strong contribution to the affinity of binding (Wang et 

al. 1999). The three-dimensional structure of the RNA-binding domain (Figure 1.3B) has 

been determined by both nuclear magnetic resonance (NMR) and X-ray crystallography 

(Chien et al. 1997; Liu et al. 1997). It exhibits a novel dimeric six-helical chain fold that  
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Figure 1.3 The structure of NS1A protein. (A) Structural domains of the NS1A protein. 
The NS1A protein contains two functional domains; the RNA-binding domain and the 
effector domain. The RNA-binding domain is required for protein dimerization and has 
primary target of dsRNA with low affinity. The argine at 38 amino acid, which is 
absolutely required for dsRNA binding, is denoted. The effector domain inhibits 3’ end 
processing and splicing of cellular pre-mRNAs. Two nuclear localization signals (NLS1 
and NLS2) are denoted. (B) The three-dimentional structure of RNA-binding domain of 
the NS1A protein (Wang et al., 1999). The four basic amino acids (R38, R38’, K41, 
K41’) that strongly enhance RNA binding are shown in orange. The amino acids that 
stabilize the dimer structure are in yellow.  
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differs from that of any of other known RNA-binding proteins in the structural database, 

including the dsRNA-binding domain (dsRBD) found in many cellular proteins. 

 The remainder of the protein is the effector domain which encompasses the C-

terminal 164 amino acids. The effector domain is not required for RNA-binding, but is 

required for inhibition of cellular mRNA export from the nucleus (Qian et al. 1994). 

Discovery of post-transcriptional activities started from the initial observation that in 

transient transfection experiments the NS1A protein inhibits the nuclear export of cellular 

mRNA and cellular pre-mRNA splicing (Alonso-Caplen et al. 1992; Lu et al. 1994; Qiu 

and Krug 1994). It was thought that the NS1A protein inhibited the nuclear export of poly 

(A)-containing spliced mRNA directly via interaction with certain cellular proteins 

(Alonso-Caplen et al. 1992; Fortes et al. 1994; Qiu and Krug 1994). Further studies 

showed that the NS1A effector domain contains specific binding sites for two cellular 

proteins that are essential for the mammalian pre-mRNA 3’end processing: the human 30 

kD subunit of the cleavage and polyadenylation specificity factor (CPSF) (Nemeroff et al. 

1998); and poly (A)-binding protein II (PABII) (Chen et al. 1999). The binding site in the 

NS1A protein for the cellular 30kDa CPSF subunit is centered on amino acid 186 and the 

PABII binding site is located in the region of amino acids 223-237 (Li et al. 2001). 

Through its interaction with the 30kDa subunit of CPSF and with PABII, NS1A 

interferes with 3’ end processing and polyadenylation of cellular pre-mRNAs (Figure 

1.3A). As a consequence, cellular pre-mRNAs that contain no or very short 

(approximately 12 nucleotides) poly (A) tails accumulate in the nucleus of infected cells, 

where they would be accessible to the viral cap-dependent endonuclease for the 
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production of the capped RNA primers. These RNA primers are then used for viral 

mRNA synthesis (Krug et al. 1989). This inhibition of the cellular 3’ end processing 

machinery does not affect the addition of poly (A) tails onto viral mRNAs because the 

poly (A) tails of viral mRNAs are produced by the viral polymerase, and not by the 

cellular 3’ end processing machinery (Robertson et al. 1981; Luo et al. 1991; Poon et al. 

1999). 

 Another important post-transcriptional regulatory function of NS1A is to inhibit 

the splicing of cellular pre-mRNAs. Using purified recombinant NS1A protein and 

nuclear extracts from uninfected cells, it has been shown that NS1A protein inhibits 

cellular pre-mRNA splicing in vitro (Lu et al. 1994; Qiu et al. 1995). This in vitro 

inhibition is mediated by the binding of the NS1A protein to a specific stem-bulge of U6 

snRNA that participates in pre-mRNA splicing (Qiu et al. 1995). However it has not been 

conclusively established that the NS1A protein inhibits the splicing of cellular per-

mRNAs in virus infected cells. One reason is that any such inhibition would be obscured 

by the rapid degradation of cellular pre-mRNAs that occurs in the nucleus of infected 

cells (Katze et al. 1984; Krug et al. 1989).  

 

3. Cellular antiviral responses upon virus infection including influenza A virus 

 

 Virus infections are countered by host immune responses. The immune responses 

consist of an innate (non-specific) and an adaptive (specific) defense. As a consequence 

of initial viral replication, the host mounts an early non-specific immune defense by 
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inducing the production of interferon (IFN) and activating natural killer (NK) cells and 

macrophages. These early responses influence the outcome of initial viral infection and 

also initiate the development of specific immune defences, including antibody responses 

and T-cell responses (Biron and Sen 2001). Various host cellular antiviral responses 

mediated primarily through the effects of IFN are discussed below.  

 

3.1.   Early antiviral responses prior to IFN synthesis 

 

 In initially infected cells crucial cellular antiviral response occurs through the 

activation of transcription factors that control the expression of interferon-stimulated 

genes (ISGs) (Figure 1.4). This initial early antiviral response is mediated by 

transcription factors and happens prior to the IFN-α/β synthesis and does not require viral 

protein synthesis (Daly and Reich 1993; Zhu et al. 1997; Navarro et al. 1998; Kim et al. 

2002; Noah et al. 2003). Activating ISGs without the need for prior synthesis of IFNs 

might provide the host cell with a shortcut in the activation of its antiviral defense. It has 

been shown that two transcription factors, interferon regulatory factor-3 (IRF-3) and IRF-

7, are activated upon infection with viruses, including influenza A virus (Navarro et al. 

1998; Wathelet et al. 1998; Weaver et al. 1998; Preston et al. 2001; Kim et al. 2002). 

Activated transcription factors are dimerized and translocated into the nucleus and 

combined with the transcriptional coactivator p300 and CREB-binding protein to form a 

transcription complex. This complex is called the virus-activated factor or VAF. VAF 

binds to a subset of the IFN-α/β-stimulated response element (ISREs) in the promoter of  
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Figure 1.4 Early antiviral response prior to IFN synthesis. In initially infected cells 
cellular antiviral response occurs through the activation of transcription factors that 
control the expression of interferon stimulated genes (ISGs). This early response is 
mediated by the transcription factors, IRF-3 and IRF-7, and happens prior to the IFN 
synthesis. (Modified from Krug et al. 2003)  
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cellular genes, thereby inducing their transcription. Several of these genes have antiviral 

activities (Boyle et al. 1999; Chin and Cresswell 2001; Simmen et al. 2001; Kim et al. 

2002).  

 Like most other mammalian viruses, infection of human cells with influenza A 

virus induces the IFN-α/β-independent activation of IRF-3 and transcription of ISRE-

controlled cellular genes (Kim et al. 2002). Viral protein synthesis is not required for this 

activation and occurs even after infection of GRE cells, which do not produce IFN-α/β 

suggesting this activation is independent of IFN-α/β. A nuclear runoff transcription assay 

showed that ISRE-controlled p56 gene (its antiviral function is discussed later) is 

transcribed by IRF-3 activation (Kim et al. 2002), but this mRNA is not detected in the 

cytoplasm of infected cells. This IFN-α/β-independent virus induced activation of cellular 

transcription constitutes an early antiviral response of cells. Viruses mount 

countermeasures against this early antiviral response to allow virus replication. 

Counteractions from various viruses including influenza A virus are discussed below in 

section 4.  

 

3.2.   Antiviral responses mediated by interferon system 

 

 Many important cellular antiviral responses are mediated by interferon (IFN). 

Interferon was discovered by Isaacs and Lindenmann in 1957 as a cytokine interfering 

with virus replication (Issacs and Lindemann 1957). IFNs are not constitutively 

synthesized in cells, but external stimulus such as virus infection triggers their synthesis 
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and secretion. The secreted IFN is distributed locally or is circulated to other cells in the 

body. IFNs act by binding to their specific receptors on the cell surface which signals the 

induction of expression of hundreds of genes in the nucleus. The IFN-stimulated genes 

(ISGs) encode proteins which, in turn, activate a global antiviral state thereby blocking 

the spread of virus. 

 

    Classification and biological properties of IFN 

 IFNs are divided into two types, type I and type II, both of which have antiviral 

activity. The two types of IFNs, however, act through different cell surface receptors and 

are structurally unrelated (Vilcek and Sen 1996). The type I superfamily is subdivided 

into four structurally related families: IFN-α, IFN-β, IFN-ω, and IFN-τ. The type II 

superfamily has only one subfamily, IFN-γ. Among the four subfamilies of type I IFN, 

the IFN-α/β members are the best characterized and are known to be induced in response 

to viral infections. Type I IFN genes are all clustered on the short arm of human 

chromosome 9 (Weissmann and Weber 1986), which suggest that these genes may have 

evolved from a single ancestral gene. In humans, there are at least 18 IFN-α nonallelic 

genes, 4 of which are pseudogenes, and at least 6 IFN-ω nonallelic genes, 5 of which are 

pseudogenes. Interestingly there is only one IFN-β gene. This single IFN-β gene shows 

about 45% homology at the DNA level and 25% to 30% homology at the protein level 

with the IFN-α genes. The 5’-flanking regulatory regions of the IFN-α and IFN-β genes 

also have significant homology, so they are often coordinately regulated (Degrave et al. 

1981). There is no structural homology between type I and type II IFNs. While there are 
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multiple type I IFN genes and proteins, there is a single IFN-γ gene in all mammalian 

species examined, that maps to chromosome 12 in humans. Also, unlike the intronless 

type I IFN-β gene, the IFN-γ contains three introns. The mature type I IFNs are 165 to 

172 amino acids long, whereas IFN-γ is 143 amino acids long in humans.  

 IFN-α and IFN-β can be induced in almost all cells and viral infection is a very 

potent inducer of these two interferons . DsRNA, which is usually a side product of virus 

replication, is also a potent inducer of IFN-β and is thought to be the intracellular 

mediator of the induction process in virus infected cells (De Maeyer and De Maeyer-

Guignard 1988). IFN-ω is induced simultaneously with IFN-α in pheripheral leukocyte 

after virus infection. IFN-τ is produced in the epithelial cells of preimplantation embryo. 

Only T lymphocytes and NK cells have been shown to synthesize IFN-γ.  

 IFNs have multiple biological activities (Sen and Lengyel 1992; Biron and Sen 

2001). One major function of IFN is in the host defense against viral and parasitic 

infections by inducing a signalling cascade for transcription upregulation as described 

above. However, not all viruses are equally susceptible to the action of IFNs because 

many of viruses have evolved countermeasures against the IFN system (discussed below). 

IFNs also participate in the host immune response by activating monocytes-macrophages, 

NK cells and CTLs. In addition to these two defenses to microorganisms, IFNs also 

inhibit cell growth. 

 

    Regulation of IFN synthesis 
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Infection of mammalian cells with many different viruses induces high levels of 

type I IFNs (IFN-α/β) (Biron and Sen 2001). Secreted IFN-α/β may not provide much 

protection to initially infected cells that produce IFN-α/β because these cells already have 

an established virus infection. Rather it is likely that the primary role of IFN-α/β is to 

protect neighboring uninfected cells, thereby inhibiting virus spread (Krug et al. 2003). 

After this first phase of cytokine response, tumor necrosis factor (TNF), interleukin (IL)-

6, IL-12, and type II IFN IFN-γ are secreted as the second wave of cytokines (Sen 2001).  

 The transcriptional activation of the IFN-α and IFN-β genes has been extensively 

defined in regard to various mechanisms underlying stimulation during infection. At the 

molecular level, the transcriptional activation of the IFN-α/β genes is mediated by a 

complex pathway involving many transcription factors. Some of these transcription 

factors are present in inactive forms in the cytoplasm of all cells while others need to be 

transcriptionally induced. Activation of the constitutive proteins often requires 

phosphorylation of specific serine and threonine residues. Nuclear factor-κB (NF- κB) is 

one of the constitutive transcription factors required for inducing transcription of the IFN-

β gene and certain IFN-α  genes. Other factors needed for induction of all IFN genes 

include members of the family of interferon regulatory factors (IRFs). There are at least 

10 members of the IRF family (Nguyen et al. 1997). These proteins contain DNA-binding 

domains that recognize a specific DNA element present in the interferon response 

element (ISRE) of the promoters for the IFN genes and many IFN-inducible genes. The 

IRFs also contain transcriptional regulatory domains to activate or repress transcription, 

depending on the cell and gene context. Some IRFs are constitutively present in cells, 
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whereas others are induced by IFNs. A few IRFs have cell-type dependent expression. 

The two IRFs most relevant for induction of the IFN genes are IRF-3 and IRF-7. These 

two IRFs are activated by IκB kinase (Ikk)-related kinases, Ikkε and TANK-binding 

kinase 1 (Sharma et al. 2003).  

The transcriptional coactivators p300 and the Creb-binding protein (CBP) are 

additional virus-activated factors that mediate IFN induction (Wathelet et al. 1998). 

These proteins form a complex with NF- κB and Atf-2/c-Jun, and are recruited to the 

promoter region of the IFN-α/β gene to activate its transcription (Figure 1.5) (Wathelet et 

al. 1992; Wathelet et al. 1998). 

 In contrast to the type I IFNs, type II IFN, IFN-γ, is made exclusively by cells of 

the immune system (Boehm et al. 1997). Natural killer (NK) cells T cells are the 

respective primary producers of IFN-γ during the innate and adaptive phases of immune 

response to viral infection (Vilcek and Sen 1996; Biron and Sen 2001). In general, agents 

that promote T-cell activation induce IFN-γ synthesis. Infectious agents such as bacteria, 

protozoa, and possibly viruses act upon NK and T-cells to promote IFN-γ synthesis. 

However, the details of the IFN-γ induction pathway are not fully elucidated as yet. 

 

    Receptors and signalling of IFN 

 IFN receptors are composed of heterodimers of two type I ectoproteins. The 

receptor’s cytoplasmic domains recruit specific kinases that are activated upon IFN 

binding to the extracellular domain of the receptors (Stark et al. 1998). The activation 

process involves receptor dimerization and tyrosine phosphorylation of the receptor  
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Figure 1.5 Late antiviral response mediated by IFN. Transcription of IFN gene is 
mediated by many transcription factors including NF-kappa B and IRFs. Upon virus 
infection, transcription factors are activated and translocated into the nucleus then 
combine with p300 and CBP. These proteins form a transcriptional complex with NF-
kappa B and Atf-2/c-Jun, and this complex is recruited to the promoter region of the IFN 
gene to activate its transcription. IFN is secreted to other uninfected cells to bind their 
specific receptors on the cell surface and signals the induction of hundreds of IFN-
stimulated genes (ISGs) expression. Thereby IFN activate a global antiviral state to block 
the spread of virus.  
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associated proteins by Janus kinase (Jaks) family. Jaks phosphorylate the receptor 

subunits and also the specific members of the protein family called signal transducers and 

activators of transcription (STAT). Tyrosine phosphorylated STATs form homo- or 

heterodimers, translocate to the nucleus, and bind to specific DNA sequences on ISGs, 

interact with the transcriptional machinery and coactivators, and activate transcription. 

Thus STATs transmit signals from IFN receptors on the cell surface to specific genes in 

the nucleus upon virus infection.  

 Both type I and II IFNs use similar principles in cellular signalling (Figure 1.6). 

For type I IFN-α/β signalling, seven proteins are essentially required; two subunits of the 

receptor (IFNAR1 and IFNAR2c), two members of the Jak family of protein tyrosine 

kinases (Jak1 and Tyk2), two members of the STAT family (STAT1 and STAT2), and 

the DNA-binding protein of the IRF-family, p48 (John et al. 1991; Krishnan et al. 1996; 

Li et al. 1997; Stark et al. 1998). Upon binding of IFN-α/β to their receptor, tyrosine 

kinase Jak1 and Tyk2 are activated and phosphorylate STAT1 and STAT2. The 

phosphorylated STATs form a heterodimer and translocate to the nucleus, where they 

form a trimeric complex (ISGF3) with p48. The transcription factor ISGF binds to the 

ISRE elements of the promoter region of all type I ISGs.  

 In case of type II IFN, IFN-γ, signalling, five proteins are required; two subunits 

of the receptor (IFNGR1 and IFNGR2), two members of the Jak family of protein 

tyrosine kinases (Jak1 and Jak2), and STAT1. IFN-γ binds to a different heterodimeric 

receptor and ligand induced activation of the tyrosine kinase causes STAT1 Tyr-

phosphorylation, its dimerization and nuclear translocation. The STAT homodimer  
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Figure 1.6 The tpye I IFN receptors and JAK-STAT signaling. Binding of IFN-α/β 
ligands to the extracellular domain of their receptor causes activation of Jak1 and Tyk2 
and resultant Tyr-phosphorylation of STAT1 and STAT2. The phosphorylated STATs 
form a heterodimer and translocate to the nucleus, where they form a trimeric complex 
(ISGF3) with p48. ISGF3 binds to the ISRE element of the promoters in IFN-α and –β 
inducible genes to activate their transcription (adopted from Katze, He, and Gale Jr., 
2002). 
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(GAF) binds to the GAS elements of IFN-γ-inducible genes and activates their 

transcription. All type I IFNs induce the same set of genes, although there are IFN-β 

specific genes as well (Rani et al. 1996). In contrast, type II IFN induces a different but 

partially overlapping set of genes. 

 

3.3.   Antiviral responses mediated by IFN-induced proteins 

 

 Cellular antiviral actions of IFNs are mediated by IFN-induced proteins. IFNs can 

induce the synthesis of more than 300 cellular proteins (Der et al. 1998). However the 

specific set of genes whose transcription is enhanced by IFN treatment depends on the 

cell type and the type of IFN. Type I and II IFNs induce two partially overlapping sets of 

proteins. Many of the type I IFN-induced proteins can be induced by host-cell responses 

to dsRNA or virus infection (Zhu et al. 1997). The IFN-induced proteins include enzymes, 

signalling proteins, chemokines, antigen presentation proteins, transcription factors, heat 

shock proteins, and apoptotic proteins (Sen 2001). Some of these proteins participate 

directly in the antiviral mechanisms of IFNs and others are important proteins in the 

metabolism of uninfected cells (Welsh and Sen 1997; Biron and Sen 2001).  

 Although the antiviral action of IFNs is well documented, the detailed mechanism 

of action for most IFN induced proteins remains elusive (Samuel 1991; Sen and Ransohff 

1992). A few IFN-induced proteins have been well characterized and are discussed in 

detail below. Specifically, two IFN-induced enzymatic pathways lead to an inhibition of 

protein synthesis; one pathway causes a block in translation inhibition due to the action of 
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the dsRNA dependent protein kinase R (PKR), the other pathway causes degradation of 

mRNA through the action of the IFN-induced enzyme 2’-5’ oligoadenylate [2’-5’ (A)] 

synthetase and RNaseL. These two enzymes bind to and require dsRNA for their 

functions. Additionally, the IFN-inducible Mx family of proteins is responsible for 

inhibiting influenza viruses (Staeheli 1990). Finally, ISG56, the most strongly induced 

gene among all ISGs, is responsible for induction of all cell growth.  

 

    The double-stranded RNA dependent protein kinase: PKR 

 The most extensively studied IFN-induced protein is “the dsRNA dependent 

kinase”, also called “the serine-threonine protein kinase” or “protein kinase RNA 

regulated”, PKR (reviewed in Williams 2001). It is a member of a family of protein 

kinases that phosphorylate the α subunit of the translation initiation factor eIF2 (eIF2-α) 

causing translational inhibition. The PKR protein is constitutively expressed in the 

cytoplasm of cells in an inactive state and therefore needs to be activated to provide an 

antiviral function. Its activation is achieved by a conformational change that exposes the 

ATP-binding site and causes its autophosphorylation and activation (reviewed in 

Clemens 1997).  

 The most well studied activators of PKR are dsRNA, which is commonly 

produced during viral infection and replication, and cellular PKR interacting protein 

PACT. While viral dsRNA may be the more likely activator of PKR in virus-infected 

cells, PACT is probably the more physiologically relevant activator in an uninfected cell. 

PKR contains two functionally distinct domains: an N-terminal dsRNA binding 
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regulatory domain, and a C-terminal kinase catalytic domain. The dsRNA binding 

domain of PKR has two dsRNA binding motifs, dsRBM1 and dsRBM2, with a homology 

shared by many other dsRNA-binding proteins (reviewed in Clemens and Elia 1997). In 

the current model for dsRNA activation (Nanduri et al. 1998), an intracellular interaction 

between the N-terminal and C-terminal domain of PKR keeps the protein in the inactive 

conformation, preventing the binding of the substrate, ATP. The binding of dsRNA to the 

two dsRNA-binding motifs releases the C-terminal kinase domain leading the protein to 

an open/active conformation (Figure 1.7). In the active conformation, PKR becomes 

autophosphorylated and dimerized as an active kinase.  

 The same dsRNA-binding domain of PKR also mediates direct protein-protein 

interaction, a property that has been exploited to identify several PKR interacting proteins 

(Patel and Sen 1998). One such protein is p76, a nuclear protein that is a substrate of PKR 

(Patel and Sen 1998; Shim and Karin 2002), and another PKR-interacting protein is a 

subunit of a protein phosphatase (Xu and Williams 2000; Tan et al. 2002). The most 

interesting PKR interacting protein is the PKR activator, PACT. PACT can directly bind 

to PKR and activate it independent of dsRNA (Patel and Sen 1998). PACT, like PKR, is a 

dsRNA binding protein expressed in most cell types. PACT contains an N-terminal 

dsRNA binding domain, which is composed of two consecutive dsRBMs (domain 1 and 

2) and a C-terminal domain (domain 3) for PKR activation (Peters et al. 2001). In the 

current model for PACT activation, domain 3 of PACT binds to the C-terminal half of 

PKR to initiate its autophosphorylation and activation. Moreover only domain 3 of PACT 

is necessary and sufficient for activating PKR (Peters et al. 2001) (Figure 7). It has been  
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Figure 1.7 Models of PKR activation by dsRNA and PACT. PKR exist in a closed 
form in which ATP binding site in the kinase domain is blocked by dsRBM2. Upon 
dsRNA binding, a structural rearrangement of PKR opens the ATP binding site, and 
allows its autophosphorylation and activation. On the other hand, although PACT binds 
to the dsRMBs of PKR with its two dsRBMs, activation requires the interaction of PACT 
domain 3 with the kinase domain of PKR (adopted from Sharker and Sen, 2004).  
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suggested that PACT mediates PKR activation in response to cellular stress response 

including virus infection (Ito et al. 1999).  

 In addition to its effects on protein synthesis, PKR is also involved in the 

transduction of the transcriptional signalling pathways (Tiwari et al. 1988; Zinn et al. 

1988; Kumar et al. 1994; Maran et al. 1994; Yang 1995). One of these signalling 

pathways involves the activation of the transcription factor NF-κB by PKR. Activated 

PKR phosphorylated IκB, a protein that associate with NF-κB factor in the cytosol. IκB 

phosphorylation results in the release and activation of the NF-κB factor (Desterro et al. 

1998). PKR has profound effects on cell growth and apoptosis (Tan and Katze 1999). 

Viral action of PKR causes apoptosis through a Fas-dependent pathway. The pivotal role 

of PKR in the host-virus interactions is manifested in the fact that numerous viruses block 

PKR activation or its action using a variety of biochemical strategies which are discussed 

later.  

 

    2’-5’ oligoadenylate [2’-5’ (A)] synthetase 

 2’-5’ oligoadenylate [2’-5’(A)] synthetases are a family of enzymes whose 

synthesis is induced by IFNs (Sen and Ransohff 1992; Silverman 1994). There are three 

structurally related size classes of these enzymes, small, medium, and large, encoded by 

three separated but clustered genes. Within each class, multiple isozymes with different 

carboxyl terminal regions are produced by alternative splicing of the primary transcript. 

Moreover, different isozymes can have different posttranslational modifications and 

different subcellular locations. These enzymes polymerize ATP into 2’-5’ linked 
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oligoadenylates of different lengths, but all of them need to be activated by dsRNA using 

an unknown mechanism. The resulting 2’-5’ (A) molecules activate the latent 

ribonuclease, RNaseL, by inducing its dimerization upon binding of trimeric or longer 2’-

5’ (A) to the protein (Silverman and Cirino 1997). Activated RNaseL cleaves single-

stranded RNAs, including viral RNAs and consequently inhibit viral replication. In 

addition, RNaseL can affect cell growth and has been implicated in specific apoptotic 

pathways (Zhou et al. 1997).  

 

    Mx and guanylate-binding proteins 

 The Mx proteins were originally discovered as IFN-induced proteins with the 

ability to block replication of influenza viruses (Staeheli 1990). Subsequently they were 

shown to inhibit the replication of many other RNA viruses including members of the 

Orthomyxoviridae, Paramyxoviridae, Rhabdoviridae, and Togaviridae families (Haller et 

al. 1998). The Mx proteins and other guanylate-binding proteins are efficiently induced 

by IFNs in a number of species (Staeheli 1990). The human Mx A and Mx B proteins are 

induced primarily by type I IFNs. These proteins belong to the dynamin superfamily of 

GTPase involved in endocytosis and vesicle transport (Horisberger 1992). The Mx 

proteins are thought to interfere with virus replication through a dynamin-like force-

generating mechanism by wrapping around viral nucleocapcids (Kochs and Haller 1999). 

Another family of IFN-induced proteins includes the guanylate-binding proteins, GBP-1 

and GBP-2. They bind and hydrolyse GTP; that is, they have GTPase functions and have 

antiviral activities (Anderson et al. 1999).  
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    ISG56 gene family: p56 

 ISG56, which encodes p56, is the most strongly induced gene among all ISGs 

(Der et al. 1998). It is induced very strongly by dsRNA as well, and several viruses can 

also induce the same gene independently of the IFN system (Guo et al. 2000b). ISG56 

belongs to a clustered ISG gene family that includes the members p54, p60, and p58 

(Wathelet et al. 1998). The function of p56 was revealed by the discovery that it interacts 

with the p48 subunit of the translation initiation factor, eIF-3 (Guo and Sen 2000). p56 

binds to the large multimeric complex of eIF-3 via p48 and blocks its function in 

initiating protein synthesis (Guo et al. 2000a). p56-mediated translation inhibition has 

been demonstrated both in vitro and in vivo, suggesting that the well-known negative 

effects of IFNs on cell growth may be primarily mediated by the p56 pathway.  

 

4. Viral evasion of the cellular antiviral responses 

 

 During the first few decades after the discovery of IFN as a potent natural 

antiviral agent, most researchers focused on the mechanism of antiviral actions of IFNs. 

However, more recently it has become clear that almost all families of mammalian 

viruses have evolved strategies to protect themselves from cellular antiviral responses 

including IFNs (reviewed in Sen 2001, Sarkar and Sen 2004, Katze and Gale 2002). Thus, 

in nature a dynamic equilibrium exists between the IFN system and viruses. In the 

laboratory this equilibrium can be shifted either way by increasing IFN concentration or 

viral multiplicity of infection: at high virus load IFN is ineffective and at high IFN dose, 
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virus replication is totally shut off. Using such experimental maneuvers, it has been 

possible to demonstrate strategies used by viruses to block many different parts of the 

IFN system. The strategy used by most virulent viruses is to inhibit cellular RNA and 

protein synthesis. Moreover many viruses block more than one step of the IFN system 

that includes IFN synthesis, its binding to receptors and signalling, induction of ISGs, and 

functioning of the encoded proteins.  

 

4.1.   Block in expression of early cellular antiviral genes 

 

 Influenza A virus counteracts the cellular antiviral responses by blocking the 

expression of early cellular antiviral genes that are induced by the transcription factors 

IRF-3 and IRF-7. Early IFN-α/β-independent activation of the synthesis of cellular 

antiviral pre-mRNAs does not result in the production of mature antiviral mRNAs 

(Figure 1.8) (Kim et al. 2002). A substantial body of evidence indicated that inhibition of 

the production of these cellular antiviral mRNAs expression is mediated by the NS1A 

protein (Nemeroff et al. 1998; Chen et al. 1999; Li et al. 2001). As discussed earlier, the 

NS1A protein plays an important role as a post-transcriptional regulator by binding to the 

30kD subunit of CPSF and PABII. Through this interaction the NS1A protein inhibits 3’-

end processing of cellular pre-mRNAs resulting in nuclear retention of the cellular pre-

mRNAs (Katze and Krug 1984; Chen et al. 1999).  

 More definitive proofs of this NS1A function have been obtained using a 

recombinant influenza A virus that encodes an NS1A protein which has an altered amino  
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Figure 1.8 Block in expression of early cellular antiviral genes in influenza A virus 
infected cells. To counter early cellular antiviral response, the influenza A viral NS1A 
protein inhibits the posttranscriptional processing of these cellular antiviral pre-mRNAs. 
This inhibition is largely mediated by the binding of the NS1A protein to the 30-kDa 
subunit of CPSF.  
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acid sequence centered around CPSF binding site; CPSF mutant virus (Noah et al. 2003). 

Unlike cells infected with wild-type virus, cells infected with this CPSF mutant virus 

produce cellular antiviral mRNAs that are translated into functional proteins (Noah et al. 

2003). Thus experiments using CPSF mutant virus proved that influenza A virus 

countermeasure against the early IFN-α/β-independent production of cellular antiviral 

mRNAs is largely mediated by the NS1A protein through its interaction with the 30kD 

subunit of CPSF to the NS1A protein (Figure 1.8).  

 

4.2.   Block in IFN synthesis 

 

 Several viruses encode proteins that inhibit IFN synthesis. HBV (hepatitis B 

virus) ORF-C (open-reading frame C) product and viral terminal protein inhibit IFN-β 

synthesis (Whitten et al. 1991). The E6 oncoprotein of human papillomavirus (HPV) 16 

binds to IRF-3 and prevents it from binding the IFN-β promoter (Ronco 1998). The HPV 

E7 protein binds to IFN regulatory factor (IRF)-1 and inhibits IRF-1 mediated IFN-β 

activation (Park et al. 2000). The HPV16 E6 oncoprotein binds to IRF-3 and blocks its 

transactivation functions (Ronco 1998). 

 Unlike these viruses, influenza A virus activates IRF-3 and NF-kappa B and 

produces IFN-α/β in infected cells (Flory et al. 2000; Hiscott et al. 2001; Geiss et al. 

2002; Kim et al. 2002; Noah et al. 2003) (Figure 1.9). Microarray analysis showed that a 

substantial number of IFN-induced mRNAs, including MxA mRNA, are produced (Geiss 

et al. 2002) during influenza infection. Moreover, the synthesis of IFN-β mRNA in  
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Figure 1.9 IFN synthesis in influenza A virus infected cells. Influenza A virus activates 
IRF-3 and NF-kappa B and produces IFN-α/β in infected cells. IFN-α/β pre-mRNAs 
escapes the inhibition of the posttranscriptional processing mediated by NS1A binding to 
CPSF.  
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influenza A virus-infected human lung epithelial cells (A549 cells) is readily detected by 

an RNase protection assay although in a greatly reduced quantity compared to a virus that  

encodes a NS1A protein with a mutated binding site for 30kDa CPSF (Noah et al. 2003). 

These results show that even in the presence of a functional 30kD CPSF-binding site in 

the NS1A protein, some IFN-β pre-mRNA escapes the inhibition of the 

posttranscriptional processing mediated by this binding site. In contrast to these reports, 

others have reported that the NS1A protein blocks the activation of two transcription 

factors that are required for IFN-α/β induction (Talon et al. 2000; Wang et al. 2000). This 

group of investigators claimed that the only function of the NS1A protein is to bind 

dsRNA, thereby blocking the activation of various protein including IRF-3 (Garcia-Sastre 

2001). Using a virus expressing a C-terminus deletion in the NS1A protein, they argue 

that little or no attenuation was seen in MDBK cells (Wang et al. 2002), however 

conflicting results have been reported concerning the growth of this virus (Egorov et al. 

1998). Moreover they inoculated inbred mice with their mutant virus (Wang et al. 2002). 

Mice are not naturally infected with influenza viruses, but can be experimentally infected 

with mouse-adapted influenza virus strains (Wright and Webster 2001).  

 Therefore most likely influenza A virus cannot overcome the major cellular 

antiviral response mediated by IFN production, because the amount of IFN-β mRNA that 

escapes the NS1A protein-mediated inhibition of posttranscriptional processing limits 

virus spread to a tolerable level (Krug et al. 2003).  

 

4.3.   Block in IFN signalling 
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 Viruses can interfere with the action and signalling pathway of the IFNs by 

blocking the signalling at various or multiple steps in the pathway. Numerous RNA and 

DNA viruses inhibit IFN signalling including Ebola virus, myxoma etc. (Harcourt et al. 

1999). 

 The first step in the pathway is receptor binding. Viruses can employ two 

different techniques to inhibit this step. First, they can inhibit binding to the correct 

receptor. The myxoma virus MT-7 protein can serve as a decoy receptor to bind IFN-γ 

(Upton et al. 1992) thereby preventing the secreted IFN from binding the authentic 

receptor and signalling the antiviral response pathway. Secondly, viruses may actually 

interfere with the ligand itself. Vaccinia virus B18R protein can bind IFN-α/β of many 

species (Symons et al. 1995) and prevent it from interacting with its receptor. 

Subsequent to receptor binding, viruses can interfere with the actions of 

transcription factors that induce the transcription of IFN-induced antiviral genes, 

specifically STAT1, p48, (ISGF3). Adenoviruses are insensitive to IFN because several 

adeno-proteins counteract the IFN system at multiple steps. E1A protein decreases the 

cellular levels of the signalling proteins STAT1 and p48 and blocks ISGF3 formation 

(Leonard and Sen 1996; Zhang et al. 1996; Leonard and Sen 1997). E1A also disrupts the 

interactions between the STAT proteins and CBP/p300 required for ISG transcription by 

interacting with both STAT1 and STAT 2 (Bhattacharya et al. 1996). The hepatitis B 

virus (HBV) polymerase protein or its sub-domain TP blocks ISGF 3 activation (Foster et 

al. 1991). The Epstein-Barr virus (EBV) EBNA 1 oncogene blocks gene induction and 

cell growth inhibition by IFN without interfering with the activation of ISGF3, indicating 



 

39

that the block may be at the level of ISGF3-coactivator interactions (Kanda et al. 1992). 

SV5 has a viral V protein blocking the activation of ISGF3 in response to IFN-α/β and 

GAF in response to IFN-γ (Didcock et al. 1999). Sendai virus C protein prevents the 

antiviral action of IFN by blocking STAT phosphorylation (Garcin et al. 1999). Thus a 

variety of viruses have evolved to overcome potent antiviral effects induced by IFNs by 

blocking IFN-signalling pathways. 

 

4.4.   Block in the functions of IFN-induced proteins 

 

 Another strategy used by viruses to inhibit the antiviral response is blocking the 

functions of selective IFN-induced proteins which interfere with virus replication. 

Because the biochemical functions of most IFN-induced proteins are still unknown, 

current understanding about the functions of IFN-induced proteins is limited to two well-

studied IFN-induced antiviral pathways; PKR and 2-5 OAS pathways (discussed below). 

In addition to these two proteins, conjugation of the IFN-induced protein ubiquitin-like 

ISG15 to its protein targets is inhibited by the NS1B protein of influenza B virus, 

although the consequences of this action remain unclear (Yuan and Krug 2001).  

 

Blocking activation of [2’-5’(A)] synthetase/RNaseL system  

 The [2’-5’ (A)] synthetase/RNaseL system is known to be inhibited by an RNA 

virus, encephalomyocarditis virus (EMCV), and two DNA viruses, herpes simplex virus 

(HSV) and simian virus 40 (SV40) (Sen and Ransohoff 1993). EMCV infection inhibits 
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the binding of 2’-5’ (A) to RNaseL thereby preventing RNase L activation, although IFN 

pre-treatment overcomes this inhibition. Analogs of 2’-5’ (A), which impair the 

activation of RNaseL by authentic 2’-5 (A), are synthesized in herpesvirus- or SV40-

infected cells (Cayley et al. 1984). To date, influenza virus has not been reported to block 

the activation of the [2’-5’ (A)] synthetase/RNaseL system. 

 

Blocking activation of PKR 

 Many viruses have developed different mechanisms to specifically counteract IFN 

actions responsible for the intracellular inhibition of protein synthesis. A frequent target 

of virus action is the protein kinase PKR whose activation results in the phosphorylation 

of the translation factor eIF-2α and hence inhibition of protein translation.  

 Several viruses encode RNA inhibitors, which probably compete with dsRNA for 

the binding to the PKR. The best-studied RNA in this group is the adenoviral VAI RNA 

that binds to the dsRNA-binding domain of PKR but does not activate it (Mathews and 

Shenk 1991). Genetic analysis with adenovirus mutants lacking the VA gene has 

established the requirement of this RNA for efficient viral protein synthesis. Similarly, 

EBV produces EBER RNA, and HIV-1 produces TAR RNA; at high concentrations these 

viral RNAs block PKR activation (Maitra et al. 1994).  

 Picornaviruses, such as poliovirus, cause the degradation of PKR (Black et al. 

1989), while vaccinia virus and reovirus encode a specific protein (E3L and σ3, 

respectively) to bind and sequester dsRNA, which is the physiological activator of PKR 

(Imani 1988; Chang 1992). Vaccinia virus also encodes K3L, which functions as a decoy 
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of eIF-2α and an alternative substrate of PKR (Davies et al. 1993). This mechanism is 

also employed by HIV-1 virus, which encodes Tat protein as a pseudo-substrate and 

inhibitor of PKR (Brand et al. 1997). A phosphoprotein of HSV-1 neutralizes PKR action 

by inhibiting phosphorylation of eIF-2α (Chou et al. 1995). The HSV-1 γ34·5 protein 

complexes with protein phosphatase 1α (PP1α) to promote dephosphorylation of eIF-2α. 

PP1α may also be responsible for inactivating the enzyme itself by causing PKR 

dephosphorylation. In case of Hepatitis C virus (HCV), it encodes two proteins 

interfering with PKR action; NS5A protein and E2 glycoprotein. The NS5A protein binds 

to the dimerization domain of PKR to block its activation (Gale et al. 1997), and the E2 

glycoprotein contains a sequence identical to the phosphorylation sites of PKR and eIF-

2α and binds to PKR to inhibit its action (Taylor et al. 1999).  

 The previous examples of many viruses evolving a variety of mechanisms to PKR 

provide evidence for the importance of PKR in the inhibition of virus replication by IFNs. 

Blocking activation or action of PKR in influenza A virus is discussed separately as 

following. 

 

     Inhibition of PKR activation mediated by the influenza NS1A protein  

 Influenza A viruses have evolved strategies to block the activation or action of 

PKR (Figure 1.10). Influenza A virus has been reported to use two such strategies: (a) its 

NS1A protein blocks PKR activation; and (b) viral infection activates a cellular inhibitor 

of PKR, p58IPK. However the mechanism by which the NS1A protein inhibits PKR 

activation in infected cells has not been established.  
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Figure 1.10 Inhibition of PKR activation mediated by the influenza NS1A protein. 
NS1A protein is responsible for blocking of PKR activation in infected cells. The 
mechanism by which the NS1A protein inhibits PKR activation in infected cells has not 
been established.  
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 Lu et al (1994) reported that, at a high concentration, the NS1A protein from 

influenza A virus binds to and sequesters dsRNA thereby preventing the activation of 

PKR by dsRNA (Lu et al. 1995; Hatada et al. 1999). However, because the NS1A protein 

RNA-binding domain has a much lower affinity for dsRNA than the dsRNA-binding 

domain of PKR (Chien et al. 2004), it is not clear that the NS1A protein can inhibit PKR 

activation by effectively competing with PKR for dsRNA in vivo. It has been shown that 

two temperature-sensitive mutants of influenza A viruses carrying defective NS1A 

proteins exhibited temperature sensitivity in virus protein synthesis and could not repress 

the PKR activity at the non-permissive temperature. It was found that these mutant NS1A 

proteins harbour mutations specifically in the RNA-binding domain and have decreased 

RNA-binding activity (Hatada et al. 1999). However experiments using this mutant 

influenza A viruses have not established that the RNA-binding domain of the NS1A is 

required for the inhibition of PKR activation in infected cells. It has been suggested that 

influenza A virus employs an alternate mechanism for PKR inhibition, namely that the 

NS1A protein binds directly to PKR and inhibits its activation and/or function (Tan and 

Katze 1998). However such a NS1A-PKR interaction in infected cells was not found by 

another group of investigators (Falcon et al. 1999).  

 Influenza A virus has been reported to activate a 58-kD cellular protein (p58IPK) 

that inhibits PKR activation (Lee et al. 1990). Initially, it was thought that p58IPK might 

also function as a pseudo-substrate inhibitor of PKR because the central region of p58IPK 

has limited homology to the eIF-2α including the conserved serine residue (Ser 51) that is 

phosphorylated by PKR. However, mutation of this serine residue in p58IPK did not 
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abrogate its ability to inhibit PKR (Lee et al. 1994). It was recently proposed that p58IPK 

operates as a co-chaperone capable of stimulating Hsp70 (heat shock protein 70) to 

mediate the protein conformation of PKR and thus inhibit PKR activity (Melville et al. 

1999). However no direct results have been obtained for this model.  

 All the previous data suggest that the NS1A protein is one of the factors that are 

responsible for blocking of PKR activation or action in influenza A virus infected cells. 

However, it has not been established whether the p58IPK pathway is also involved in 

blocking PKR activation in infected cells. Also, the mechanism by which the NS1A 

protein blocks PKR activation has not been elucidated. 
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CHAPTER II 

THE FUNCTION OF THE RNA BINDING DOMAIN OF 

INFLUENZA NS1A PROTEIN IN VIRUS INFECTED CELLS 

 

INTRODUCTION 

 

 The non-structural protein of influenza A virus (NS1A) plays a major role in the 

intercellular war between the virus and human cells (reviewed in (Krug et al. 2003)). The 

NS1A protein is 237 amino acids long and is composed of two functional domains: an N-

terminal RNA-binding domain and a C-terminal effector domain (Qian et al. 1994). The 

NS1A RNA-binding domain encompasses the N-terminal 73 amino acids and is required 

for protein dimerization, an event necessary for protein function. The RNA-binding 

domain binds specifically to double-stranded RNA (dsRNA), a specific stem-bulge of U6 

snRNA, and poly (A) RNA (Hatada and Fukuda 1992; Lu et al. 1994; Qian et al. 1994). 

The three-dimensional structure of the RNA-binding domain of the NS1A protein 

exhibits a novel dimeric six-helical chain fold (Chien et al. 1997; Liu et al. 1997) that 

differs from that of any other known RNA-binding proteins in the structural database, 

including the dsRNA-binding domain (dsRBD) found in many cellular proteins (Ramos 

et al. 2000). The RNA-binding domain of the NS1A binds dsRNA with low affinity: the 

Kd of the RNA binding domain with a 16 base-pair dsRNA is ~1µM. By comparison, the 

predominant class of cellular dsRNA-binding proteins, which contain one or more 

domains referred to as dsRBMs, have approximately 5,000-fold higher affinity for 
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dsRNA (Wang et al. 1999; Tian and Mathews 2001; Yuan et al. 2002). Mutagenesis 

experiments have established that the dimer structure is required for RNA binding, and 

that the arginine side chain at position 38 is the only amino-acid side chain that is 

absolutely required only for RNA binding and a second amino acid lysine at position 41 

makes a strong contribution to the affinity of binding (Wang et al. 1999). Many functions 

have been attributed to the C-terminal two thirds of the NS1A protein, however, the 

function of the N-terminal RNA-binding domain remains unclear, largely due to 

conflicting reports. It has been reported that the RNA-binding domain of NS1A is 

involved in blocking the action of PKR (Lu et al. 1995; Hatada et al. 1999; Bergmann et 

al. 2000), which can be activated by dsRNA, thereby blocking the antiviral inhibition of 

viral protein synthesis (Williams 1999). This dsRNA-binding domain has also been 

implicated in blocking the early antiviral response by preventing the activation of 

interferon regulatory factor-3 (IRF-3) and the subsequent production of IFN-β and other 

cellular IFN-induced antiviral genes (Talon et al. 2000; Wang et al. 2000; Ludwig et al. 

2002). In contrast, our lab and others have shown that IRF-3 is activated during influenza 

A infection (Daly and Reich 1993; Daly and Reich 1995; Zhu et al. 1997; Navarro et al. 

1998; Guo et al. 2000b; Iwamura et al. 2001; Preston et al. 2001; Kim et al. 2002) and 

IRF-3 dependent pre-mRNAs are transcribed but not post-transciptionally processed 

(Noah et al. 2003). Because our data disputed proposed functions but did not assign a 

new function to the RNA-binding domain, we wanted to identify the function of the 

RNA-binding domain of NS1A during infection. 
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 In the present study, we have determined that the RNA-binding domain functions 

to decrease the sensitivity of the virus to IFN. We generated a recombinant influenza 

A/Udorn/72 virus encoding an NS1A protein which has a single point mutantion at amino 

acid 38 and as a result does not bind to dsRNA. This recombinant virus (R38A mutant 

virus) is highly attenuated in the multiple cycle growth curve, indicating that dsRNA 

binding is required for efficient virus replication. Despite the NS1A protein’s inability to 

bind dsRNA, we show that PKR is not activated in the cells infected with the R38A 

mutant virus demonstrating that the RNA-binding domain of NS1A is not involved in 

blocking the action of PKR. Furthermore, there is no significant difference in the amount 

of IFN-β mRNA between wt virus and R38A mutant virus in late times of infection, 

indicating dsRNA-binding ability of NS1A is not required for the proposed role in 

preventing the induction of IFN-β (Garcia-Sastre et al. 1998; Talon et al. 2000; Wang et 

al. 2000; Ludwig et al. 2002). Instead, the R38A mutant virus is more sensitive to IFN, 

and this sensitivity results from the activation of 2’-5’ oligo (A) synthetase (OAS) and the 

consequent RNaseL activation (Silverman and Cirino 1997). Consequently, the RNA-

binding domain of NS1A protein is required for the resistance to the action of IFN which 

is produced during infection, and this resistance is mediated by blocking activation of the 

antiviral protein 2’-5’ OAS.  

 

MATERIALS AND METHODS 

Cell culture. A549 cells (human lung carcinoma cells), MDCK cells (Madin-Darby 

canine kidney cells), and HEL 299 cells (human lung fibroblast cells) were cultured in 
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Dulbecco modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum 

and antibiotics at 37°C under a 5% CO2 atmosphere.  

 

Generation of recombinant influenza A/Udorn/72 virus from cloned DNA. pHH21 

plasmids containing the full-length cDNAs for each of the eight influenza A/Udorn/72 

genomic RNA segments; and four pcDNA plasmids encoding PB1, PB2, PA, and NP of 

influenza A/Udorn/72 were provided by Makoto Takeda (Takeda et al. 2002). Alteration 

of Udorn NS1A residues 38 from R to A (R38A mutant) was performed by using two 

rounds of PCR and specific oligonucleotide primers. The resulting DNA was sequenced 

and cloned into pHH21. Viruses encoding the wild-type and R38A mutant NS1A proteins 

were generated by cotransfecting 293T cells with eight plasmids encoding the vRNA 

segments and four plasmids expressing the PB1, PB2, PA, and NP protein (Takeda et al. 

2002). At various times posttransfection, culture supernatants were collected. Viruses 

were titered by plague assay on MDCK cells, and individual plaques were amplified in 

10-day-old embryonic chicken eggs at 34°C. Amplified virus was tittered by plaque assay, 

and all the genomic RNA segments were sequenced.  

 

Virus infection and Interferon treatment. For multiple cycle growth curve confluent 

MDCK cells were washed twice with serum-free DMEM medium. Influenza virus was 

diluted with serum free DMEM medium and added to the cells for virus absorption at a 

multiplicity of infection (moi) of 0.001 pfu/cell. After incubation at 37°C for 1 hour virus 

inoculum was replaced with serum free DMEM medium supplemented with 2.5 ug/ml N-
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acetylated trypsin (NAT) and incubated with the same medium for the time indicated. For 

single-cycle infection, A549 cells were infected at a moi of 5 pfu/cell and overlayed with 

DMEM containing 2% calf serum and 0.1ug/ml of NAT. Interferon treatment of A549 

cells were performed by adding 100 U Betatheron (human interferon-β-1b, Berlex Co.) to 

confluent cell layers and incubated for indicated time. 

 

Multiple cycle growth curve & Single cycle growth curve. To measure the rate of virus 

replication, MDCK cells were infected with recombinant wild type virus and R38A 

mutant virus as described above. After infection medium from infected cells were 

harvested every 12hrs for two days and virus production was measured by plaque assay 

in MDCK cells. For the single cycle growth curve, MDCK or A549 cells were infected 

with influenza virus at a moi of 5 pfu/cell. After infection medium from infected cells 

were harvested every 2 hours for 10 hours and virus production was measured by plaque 

assay in MDCK cells.  

 

Immunofluorescence. MDCK cells were infected at a moi of 0.001. After 20 hours, cells 

were rinsed with PBS and fixed in 4% paraformaldehyde for 20 minutes at room 

temperature, permeabilized with 0.1% Triton X-100, and incubated with rabbit anti-M1 

antibody (kindly provided by Mark Krystal) for 1hour at 25°C. After washing with 

PBS+0.1% Tween-20 (PBST), the cellular nuclei were stained with DAPI stain for 20 

minutes at 25°C. The cells were then washed with PBST, incubated with FITC-

conjugated goat anti-rabbit antibody for 1 hour at room temperature, washed with PBST, 



 

50

and the M1 protein localization was detected using chemiluminescence. HEL 299 cells 

were infected at a moi of 5. After 5 hours cells were treated as described above and 

incubated with rabbit anti-NS1A antibody for 1hour at 25°C. The cells were then washed 

with PBS+0.1% Tween-20 (PBST), incubated with FITC-conjugated goat anti-rabbit 

antibody for 1 hour at room temperature, washed with PBST, and the NS1A protein 

localization was detected using chemiluminescence.  

 

Western immunoblotting. Samples were prepared by rinsing cells twice with PBS 

followed by lysis in 1X SDS sample buffer containing 1% (v/v) β-mercaptoethanol. The 

resulting extracts were briefly sheered by syringe containing 25G needle, boiled for 5 min, 

and then resolved by 12% SDS-PAGE before electrophoretically transferring to BA S-85 

nitrocellulose filter membrane (Schleicher & Schuell). Blots were immunostained with 

anti-phosphorylated PKR (Thr 451) antibody (Cell signaling), anti-PKR antibody (Santa 

cruz Biotech.), anti-RNaseL antibody (company), or anti-tubulin antibody (Santa cruz 

Biotech.), as needed, and visualized by autoradiography after subsequent ECL detection 

(Amarsham). Each sample presented a pool from extracts of duplicate cultures in order to 

minimize slight variations in total cell numbers for each confluent plate.  

 

Northern blotting. The steady-state levels of p56 and ISG15 mRNAs in mock-infected 

and influenza virus-infected cells were determined by Northern analysis of total cellular 

RNAs. To prepare the labeled probes for these mRNAs, the cDNA sequences In the 

ISG15-pGEM-1 (Yuan and Krug 2001), p56-pBKS (II) (Guo et al. 2000b) were each 
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amplified by PCR, followed by a random primer-labeling reaction by using the klenow 

fragment of DNA polymerase I.  

 

RNA analysis (Quantitative RT-PCR). MDCK cells were infected with wild type, 

R38A mutant, or CPSF mutant virus at a moi of 5 pfu/cell and overayed with serum-free 

DMEM. At the time indicated, the cells were collected, and total RNA was extracted 

using Trizol (Invitrogen). For each sample, 1µg of total RNA which corresponds to equal 

cell equivalents, was reverse transcribed using oligo dT primer which is specific for the 

3’ end of mRNA. Equal volumes of the reverse transcription reactions were combined 

with SYBR Green PCR Master Mix (Applied Biosystems) and primers specific for 

human IFN-β. Quanitative PCR was carried out in a 7900HT machine (Applied 

Biosystem). CT (Cycle Treshold) calculations were automated. The ΔCT was determined 

by subtracting the CT value obtained with R38A mutant virus infection. The efficiency of 

the primers was calculated using serial two-fold dilutions of a positive control and 

measuring the change in CT value. Calculation for the % of wild type was as follows 

eΔCTx100, where e=efficiency. Each sample was analyzed in triplicate. Results are shown 

as the average of duplicate experiments analyzed on the same day. Replicated 

experiments gave similar results.  

 

Radiolabeling. A549 cells were infected with influenza virus at a moi of 5 pfu/cell. At 

various times after infection, cells were washed twice with PBS and methionine-free 
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DMEM, 5μl of a mixture of 35S-methionine and 35S-cysteine (Promix, Amersham) was 

added in a final volume of 1ml of serum free DMEM, followed by incubation for 30 

minutes at 37°C. After incubation, cells were washed twice with PBS and lysed in 200µl 

of Laemmli sample buffer. An aliquot was loaded onto 15% SDS-polyacrylamide gels for 

analysis by autoradiography.  

 

siRNA interference. For the siRNA experiments, Smart pool of siRNA for human 

RNaseL was synthesized from Dharmacon Research (Cat #: M-00503205). A549 cells 

were seeded onto 60mm dishes at a density of 5X105 cells/dish 24 hrs before transfection. 

Oligofectamine (Invitrogen) was used for transfection with 100nM siRNA according to 

the manufacturer’s instructions. At 24hrs after transfection, cells were used for further 

experiments. Knockdown of RNaseL protein was verified by western blotting using anti-

RNaseL antibody (Invitrogen).  

 

RESULTS 

 

A recombinant influenza A virus encoding a mutant NS1A protein defective in 

dsRNA binding is attenuated for replication. 

 To determine the function of the RNA-binding domain of the NS1A protein 

during influenza A virus infection, we generated a recombinant influenza A virus 

encoding an NS1A protein lacking the binding site for dsRNA. We used the human 

influenza A/Udorn/72 virus and generated recombinant viruses using the 12-plasmids 
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transfection system (Fodor et al. 1999; Neumann et al. 1999; Takeda et al. 2002). To 

eliminate the dsRNA binding site in the NS1A protein we replaced the arginine (R) at 

position 38 (R38) with alanine (A) because R38 is the only amino acid that is absolutely 

required for dsRNA binding (Wang et al. 1999). Using this plasmid encoding the dsRNA-

binding deficient NS1A protein, to generate a recombinant virus, we detected virus 

production between 8 and 9 days after transfection. Sequencing all the genomic RNA 

segments of this recombinant virus confirmed that the NS segment contains an R to A 

mutation at amino acid 38 in the NS1A coding region and that all the other genomic RNA 

segments contain the wild-type Udorn sequence. The recombinant virus forms pinpoint 

plaques in MDCK cells (Figure 2.1A), indicating that this virus, which will be referred to 

as the R38A mutant virus, is substantially attenuated for growth.  

 To measure the degree of attenuation more accurately, we compared the yeild of 

the R38A mutant virus and wild-type (wt) virus replication during multiple cycle growth 

in MDCK cells. MDCK cells were infected at a multiplicity of infection (moi) of 0.001, 

and the amount of virus produced was determined by plaque assay (Figure 2.1B). The 

yield of the R38A mutant virus replication was approximately 1000-times (3 logs) lower 

than that of wt virus. The reduced rate of spread of the R38A virus was demonstrated 

using immunofluorescence to detect the synthesis of the viral M1 (matrix) protein in 

infected cells (Figure 2.1C). The R38A mutant virus spread to less than 2% of the cells 

by 20 hours postinfection, whereas wt virus had spread to apporoximately 10% of the 

cells. These results establish that the binding of the dsRNA by NS1A is required for 

efficient virus replication.  
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Figure 2.1 The dsRNA binding ability of NS1A is required for efficient virus 
replication during multiple cycles of growth. (A) Plaques formed by wild-type (wt) and 
R38A mutant virus in MDCK cells. (B) Multiple cycle growth of wild-type(wt) and 
R38A mutant viruses in MDCK cells. MDCK cells were infected at a moi of 0.001. Virus 
production was measure by plaque assays in MDCK cells. (C) The spread of virus was 
measured by immunofluorescence. MDCK cells were infeced at a moi of 0.001 and at 20 
hours postinfection cellular nuclei were stained with DAPI (blue) and viral M1 protein 
was immunostained using anti-M1 polyclonal anti-body (provided by Mark Krystal) and 
FITC-conjugated secondary antibody (green).  
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The NS1A protein of the influenza A/Udorn/72 strain R38A mutant virus is 

localized in the nucleus in infected cells 

 The NS1A protein of influenza A virus has been shown to enter and accumulate 

in the nuclei of virus-infected cells independently of any other influenza viral protein via 

its own nuclear localization signal (NLS) (Greenspan et al. 1988). It has been shown that 

the NS1A protein contains two different nuclear localization signals (NLSs) (Greenspan 

et al. 1988). NLS1 contains the stretch of basic amino acids Asp (D)-Arg (R)-Leu (L)-

Arg (R)-Arg (R) (residues 34 to 38), and this sequence is conserved in all NS1 proteins of 

all influenza A virus strains. The NLS2 is located in the C-terminus of the effector 

domain (residues 203 to 237) of NS1A protein. In contrast, the NS1A protein of influenza 

A/WSN/33 contains only 230 amino acids and lacks a NLS2 (Melen et al. 2005, 

manuscript submitted). The arginine at position 38, which is mutated in the R38A mutant 

virus, is not only the binding site of dsRNA but also one of the amino acids involved in 

NLS1 of the NS1A protein. Therefore we determined whether changing arginie at 38 into 

alanine disrupted the nuclear localization of the NS1A protein of influenza A/Udorn/72 

R38A mutant virus in infected cells.  

For this experiment, we infected HEL299 cells (human lung fibroblast cells) with 

recombinant influenza A/Udorn/72 wt virus or the R38A mutant virus at a moi of 5 

pfu/cell. At 8 hours postinfection the localization of the Udorn NS1A protein was 

determined by immunofluorescence. The R38A mutant NS1A protein, like the wt NS1A 

protein, is localized in the nucleus of infected cells (Figure 2.2A). Recently, a dsRNA 

binding defective recombinant virus was generated using the influenza A/WSN/33 strain  
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Figure 2.2 Udorn R38A NS1A protein is localized in the nucleus of infected cells.  
Localization of the NS1A proteins in HEL 299 cells infected with (A) influenza A 
/Udorn/72 wild-type (wt) or dsRNA-binding deficient mutant virus (R38A), (B) influenza 
A/WSN/33 wild type (wt) or dsRNA-binding deficient mutant virus (WSN-NS1 R38A 
K41A) (kindly provided by Adolfo Garcia-Sastre). HEL 299 cells were infected with 
indicated virus at a moi of 5 and at 8hrs postinfection viral NS1A protein was 
immunostained using anti-NS1A polyclonal antibody and FITC-conjugated secondary 
antibody (green).  

wt Udorn R38A Udorn 

wt WSN R38A, K41A WSN 

A 

B 
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by substituting alanines for amino acids R38 and K41 (Donelan et al. 2003), referred to as 

WSN-NS1 R38AK41A virus. They have shown that this mutant virus is highly attenuated  

in the tissue culture cells and in mice, and that this attenuation is caused by high levels of 

IFN-β induced in mutant virus infected cells. However, because this NS1A protein lacks 

NLS2, the WSN R38AK41A mutant NS1A protein, unlike the WSN wild type NS1A 

protein, is localized in the cytoplasm of the infected cells (Figure 2.2B). Therefore the 

attenuation of WSN-SN1A R38AK41A virus cannot be attributed to the lack of RNA-

binding activity by the NS1A protein, but might be caused by mislocalization of its NS1A 

protein in the cytoplasm. Consequently, our immunofluorescence results show that the 

mutation of influenza A/Udorn/72 NS1A protein in the dsRNA binding site does not 

affect its nuclear localization in vivo but the mutation of influenza A/WSN/73 strain does.  

 

PKR is not activated in the cells infected with the R38A mutant virus 

 One possible function of the dsRNA binding domain of the NS1A protein might 

be the inhibition of the activation of the dsRNA-dependent protein kinase, PKR. It has 

been reported that, at a high concentration, the NS1A protein binds to dsRNA and 

prevents the activation of PKR by dsRNA and the ensuing translation inhibition in vitro 

(Lu et al. 1995; Hatada et al. 1999). However, because the NS1A protein RNA-binding 

domain has a much lower affinity for dsRNA than the dsRNA-binding domain of PKR 

(Chien et al. 2004), it has not been clear that the NS1A protein can inhibit PKR activation 

by effectively competing with PKR for dsRNA in vivo. Experiments using mutant 

influenza A viruses have not established that the RNA-binding domain of the NS1A  
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protein is required for the inhibition of PKR activation in infected cells (Hatada et al. 

1999; Donelan et al. 2003). 

 To determine whether the dsRNA binding property of NS1A is required for 

blocking PKR activation in vivo, and whether the lack of such inhibition is responsible 

for the observed attenuation in viral replication, we infected A549 cells with wt or R38A 

mutant virus at a moi of 5 pfu/cell and measured PKR phosphorylation. At 8 hours 

postinfection the activated PKR was detected by western blotting analysis using anti-

phospho PKR (Thr 451) antibody (Figure 2.3). PKR activation was not detected in the 

cells infected with the R38A mutant virus (Figure 2.3 lane 4) as well as wt virus (lane 3). 

These results clearly show that dsRNA binding ability of the NS1A protein is not 

required for the inhibition of PKR activation in infected cells. Therefore the attenuation 

of the R38A mutant virus is not caused by activation of PKR.  

 

The R38A mutant virus induces similar levels of IFN-β as wild type virus 

 The RNA binding domain has also been implicated in the inhibition of IFN-β 

synthesis through the sequestering of dsRNA and the subsequent inhibition of the 

required transcription factor IRF-3 (interferon regulatory factor-3) activation. Recently 

Donelan et al. have proposed that that dsRNA-binding domain of the NS1A protein is 

required to block the induction of IFN-β using the recombinant influenza WSN-NS1A 

R38AK41A virus that is defective in dsRNA binding (Donelan et al. 2003). 

 To determine whether dsRNA binding ability of NS1A is required to block the 

transcription of cellular antiviral mRNAs including IFN-β, we measured the amounts of  
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Figure 2.3 dsRNA binding ability of the NS1A is not required for inhibition of PKR 
activation in vivo. A549 cells were infected with wild-type (wt) or R38A mutant virus at 
a moi of 5. At 8hrs post-infection the amounts of activated PKR protein was measured by 
western blotting analysis using anti-phospho PKR (Thr 451) antibody (Cell signaling). As 
a control cells were mock-infected or treated with human IFN-β for 24 hours.  
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IFN-β mRNAs produced in wt or R38A mutant virus infected cells by quantitative RT-

PCR (Figure 2.4). As a positive control we utilized the recombinant influenza 

A/Udorn/72 CPSF mutant virus (Noah et al. 2003) that encodes an NS1A protein 

containing a mutated binding site for the 30kDa subunit of CPSF. In cells infected by the 

CPSF mutant virus the production of functional cellular mRNAs including IFN-β 

mRNAs is blocked, and virus replication is attenuated. IFN-β mRNA levels in the R38A 

mutant virus infected cells were compared to the levels obtained in cells infected with wt 

virus and R38A levels were only 2-4 fold greater than wt levels but were also 18-20 fold 

less than the positive control CPSF mutant virus. (Figure 2.4A). We also measured the 

production of p56 and ISG15 mRNAs, two cellular mRNAs that can be induced by either 

IRF-3 during initial infection or subsequent IFN production at later times of infection 

(Daly and Reich 1993; Zhu et al. 1997; Navarro et al. 1998; Wathelet et al. 1998; 

Yoneyama et al. 1998; Boyle et al. 1999; Guo et al. 2000a; Chin and Cresswell 2001; 

Iwamura et al. 2001; Preston et al. 2001; Simmen et al. 2001; Kim et al. 2002; Noah et al. 

2003) (Figure 2.4B). In A459 cells infected with the R38A mutant virus at a high moi, the 

p56 mRNA level was equal to the level observed for wt infected cells while the positive 

control CPSF mutant virus induced high levels at 8 and 11 hours postinfection (Figure 

2.4B). ISG15 mRNA level was also determined in A549 cells infected with wt, R38A, or 

CPSF mutant virus at a low moi. Consistent with IFN-β mRNAs quantitative real-time 

PCR data, in contrast to positive control virus, the level of ISG15 mRNA in R38A mutant 

virus infected cells was equal to that of wt virus (lower lane 2 and 3, 5 and 6). These 

results suggest that IFN-β, which induces the enhanced production of p56 and ISG15  
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Figure 2.4 dsRNA binding ability of NS1A is not required for the induction of IFN. 
(A) The production of IFN-β mRNAs in R38A mutant virus or CPSF mutant virus  
infected MDCK cells relative to the production in wild-type (wt) virus infected cells. 
MDCK cells were infected at a moi of 0.001 with wt, R38A mutant, or CPSF mutant 
viruses, and incubated for the indicated amount of times. 1µg of total RNA was analyzed 
by quantitative RT-PCR as described in Methods. The mRNA levels in R38A mutant 
virus or CPSF mutant virus infected cells were calculated relative to, and expressed as  
folds to, the mRNA levels in wt virus-infected cells. (B) p56 mRNA produced during 
single-cycle infection of A549 cells (5pfu/cell) with wild-type (wt), R38A mutant virus 
(R38A), or CPSF mutant virus. At the indicated times postinfection, the amounts of p56 
mRNA was measured by Northern blot analysis. As a control, p56 mRNA was measured 
in mock infected cells (upper pannel). ISG15 mRNA produced during multiple-cycle 
infection of A549 cells (0.01 pfu/cell) with wt, R38A, or CPSF mutant virus. At the 
indicated times postinfection, the amounts of ISG15 mRNA was measured by Northern 
blot analysis (lower pannel).  
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mRNAs in A549 cells, is synthesized in similar amounts in both wt and R38A mutant 

virus infected cells and suggests that the 2-4 fold difference observed using real-time 

PCR did not significantly alter the IFN response. 

 Consequently, there was no significant difference in the amount of mRNA for 

IFN-β between wt and R38A mutant virus in late times of infection. Therefore the 

dsRNA binding ability of NS1A protein is not required for the previously proposed 

inhibition of IRF-3 activation and subsequent IFN-β production. 

 

The R38A mutant virus is not attenuated during single cycle growth 

 We next determined whether the R38A mutant virus is attenuated under 

conditions in which the spread of virus from cell to cell is not involved, namely during 

single cycle growth (Figure 2.5). MDCK cells were infected at a moi of 5 pfu/cell and 

virus production was measured by plaque assay during 12 hours postinfection. The 

replication rate of R38A mutant virus was very similar as that of wt virus (Figure 2.5A). 

In addition, the synthesis of virus-specific proteins in R38A mutant virus-infected cells 

occurred at very similar rate as wt virus infected cells, as measured by [35S]-methionine 

and cystein pulse-labeling (Figure 2.5B). These data show that the dsRNA binding ability 

of the NS1A protein is not required for the virus replication during single cycle growth 

where virus does not need to spread to other cells.  

 

dsRNA-binding domain of the NS1A protein is required for resistance to the action 

of the IFN and this is mediated by blocking activation of 2-5 OAS 
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Figure 2.5  dsRNA binding ability of NS1A is not required for virus replication 
during single cycle growth. (A) Single cycle growth curve of wild-type (wt) and R38A 
mutant virused in MDCK cells. MDCK cells were infected at a moi of 5. At the indicated 
times postinfection virus production was measured by plaque assays in MDCK cells. (B) 
Viral protein synthesis in A549 cells infected with wt or R38A mutant virus. A549 cells 
were infected at a moi of 5, and at the indicated times postinfection, cells were labeled for 
30 min with [35S]-Met+Cys, and the labeled proteins were electrophoresed on a 15% 
SDS-polyacrylamide gel.  
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 Having eliminated the previously proposed function of the RNA-binding domain 

of the NS1A protein, we decided to examine virus sensitivity to IFN. We reasoned that if 

the R38A mutant virus is attenuated in multiple cycles of replication but not a single 

cycle, there must be an event that is specifically affecting viral spread and most likely 

involved increased sensitivity to the production of an IFN-induced protein. 

 Accordingly, we first determined whether the ability to bind dsRNA by NS1A 

alters virus sensitivity to the antiviral effect of IFN-β. For this experiment, A549 cells 

were pre-treated with 100U of human IFN-β for 6 hours then infected with wt or R38A 

mutant virus at a moi of 5 pfu/cell, which is the same moi used for the previous single 

cycle growth curve (Figure 2.5). At various times postinfection, viral protein synthesis 

was measured by [35S]-methionine and cysteine pulse-labeling (Figure 2.6). Inhibition of 

viral protein synthesis of R38A mutant virus was detected only in the IFN pretreated cells 

(Figure 2.6 from lane 10 to 12). To measure the inhibition more accurately, we compared 

the rate of replication of the R38A mutant virus and wt virus under the same condition 

that we used for figure 6 (Figure 2.7). Consistent with the previous single cycle growth 

curve (Figure 2.5), the replication rate of R38A mutant virus was very similar to that of 

wt virus (Figure 2.5 dotted line) in IFN-β non-pretreated cells. However, in the IFN-β 

pretreated cells, the yield of R38A mutant virus replication was 1000 fold (3 logs) lower 

than that of wt virus (Figure 2.5 solid line). These results clearly demonstrate that the 

R38A mutant virus is more sensitive to the action of IFN.  

 The cellular antiviral actions of IFN are mediated by hundreds of IFN-induced 

proteins and there are two IFN-induced enzymatic pathways that lead to an inhibition of  
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Figure 2.6 The R38A mutant virus is more sensitive to IFN treatment. Viral protein 
synthesis in human IFN-β pretreated A549 cells infected with wild-type (wt) or R38A 

mutant virus. A549 cells were pretreated with 100U of human IFN-β for 6 hours then 
infected with wt or R38A mutant virus at a moi of 5. At the indicated time postinfection, 
cells were labeled for 30 min with [35S]-Met+Cys, and the labeled proteins were 
electrophoresed on a 15% SDS-polyacrylamide gel.  
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Figure 2.7 IFN treatment causes attenuation in the R38A mutant virus single cycle 
growth. Single cycle growth curve of wild-type (wt) and R38A mutant viruses in A549 
cells with or without IFN pre-treatment. A549 cells were pre-treated with human IFN-β 
for 6 hours (solid line) or maintained in growth medium without IFN (dot line) for the 
same amount of time then infected with wild-type (wt) or R38A mutant virus at a moi of 
5. At the indicated times postinfection virus production was measured by plague assays in 
MDCK cells.  
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protein synthesis; one is the PKR activation pathway and the other one is the 2’-5’ oligo 

(A) synthetase (OAS) pathway which results in degradation of mRNAs (Biron and Sen 

2001). As we already determined that PKR activation is not responsible for the 

attenuation of the R38A mutant virus (Figure 2.3), we determined if sensitivity of R38A 

mutant virus to IFN results from the activation of 2’-5’ OAS followed by RNaseL 

activation (Silverman 1994). To determine whether this is the case, we transfected cells 

with small interfering RNAs (siRNAs) targeting RNasL to reduce the endogenous 

expression of RNaseL. In pilot experiments, Smart pool of siRNA for RNaseL induced 

knockdown of RNaseL in A549 cells 24 hours after transfection, as determined by 

western blotting analysis (Figure 2.8). Furthermore, reduced expression of RNaseL by 

these siRNAs was maintained up to 48 hours (data not shown). Thus we used these two 

siRNAs for further analysis. A549 cells were transfected with control or RNaseL siRNA 

incubated for 24 hours and then treated with 100U of IFN for 6 hours. After this 6 hour 

incubation with IFN, cells were infected with wt or R38A mutant virus at a moi of 5 

pfu/cell. The rate of virus replication was compared by single cycle growth curve. We 

found that down-regulation of RNaseL resulted in recovery of viral replication by the 

R38 mutant virus up to 100 fold (2 logs) in IFN pretreated R38A mutant virus infected 

cells (Figure 2.8, solid lines), indicating that activation of 2’-5’ OAS pathway followed 

by RNaseL activation is responsible, in large part, for the attenuation of R38A virus in 

IFN pretreated cells.  
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Figure 2.8 Sensitivity of R38A virus to IFN treatment is due to the activation of 2’-
5’OAS/RNaseL pathway. Single cycle growth curve of wild type (wt) and R38A mutant 
viruses in RNaseL down-regulated A549 cells with human IFN-β treatment. A549 cells 
were transfected with RNaseL specific siRNA (RNL siRNA; solid line) or control siRNA 
(C siRNA; dot line) 24 hours prior to the IFN treatment. After 24 hours the amount of 
RNaseL protein from transfected cells was measured by western blot analysis (middle 
pannel). As a control, human papillomavirus (HPV) E6 specific siRNA was used for 
transfection. After transfection, cells were pre-treated with 100U of human IFN-β for 6 
hours then infected with wt or R38A mutant virus (moi=5). At the indicated times 
postinfection virus production was measured by plaque assay in MDCK cells.  
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DISCUSSION 

 

 In the present study, we have shown that the dsRNA binding domain of the NS1A 

protein mediates the viral sensitivity to IFN through the 2’-5’ OAS pathway. Infection 

with recombinant influenza A virus encoding an NS1A protein lacking the binding site 

for dsRNA results in increased IFN sensitivity to the antiviral protein RNAseL, a 

component of the the 2’-5’ OAS pathway. 

 Among the hundreds of IFN-induced proteins, there are only two known classes 

of enzymes that bind to and require dsRNA for their functions (Silverman and Cirino 

1997; Rebouillat and Hovanessian 1999): the family of 2’-5’ (A) synthetases (Rebouillat 

and Hovanessian 1999) and the dsRNA-dependent protein kinase, PKR (Williams 1999). 

The functions of these enzymes are known to be important for the induction of an 

antiviral state by IFNs, and the mechanisms for induction of the antiviral effect have been 

well studied (reviewed in Biron and Sen 2001). The family of 2’-5’ OAS has been shown 

to activate the latent ribonuclease RNaseL to cleave cellular and viral RNAs (Silverman 

and Cirino 1997) and activation of PKR results in inhibition of viral replication (Williams 

1999). The 2’-5’(A) synthetase is activated by binding dsRNA and synthesizes 2’-5’-

linked oligoadenylate (2’-5’(A)) oligomers. The resulting 2’-5’(A) oligomers activate the 

latent ribonuclease RNaseL by inducing its dimerization upon binding of 2’-5’(A) to the 

protein (Silverman and Cirino 1997). Activated RNaseL cleaves single-stranded RNAs, 

including viral RNAs, and consequently inhibits viral replication (Silverman and Cirino 

1997). There are three size classes of these enzymes (Sarkar and Sen 1998; Rebouillat 
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and Hovanessian 1999), and all of them are IFN induced, although basal levels of these 

proteins are present in many cell types. Many small viral RNAs, such as adenoviral VAI 

RNA (Desai et al. 1995), EBV EBER RNA, and HIV TAR RNA, can also activate these 

enzymes (Maitra et al. 1994; Desai et al. 1995; Sharp et al. 1999). It has been shown that 

the 2’-5’ OAS/RNaseL pathway can be inhibited by EMCV, HSV, and SV40 (Sen and 

Ransohoff 1993). EMCV infection inhibits the binding of 2’-5’(A) to RNaseL thereby 

preventing RNaseL activation. An analog of 2’-5’(A), which impairs the activation of 

RNaseL by authentic 2’-5’(A), is synthesized in HSV or SV40 infected cells (Cayley et al. 

1984).  

 Many of the functions previously attributed to the RNA-binding domain of the 

influenza A virus NS1 protein cannot be confirmed by our direct analysis of the defects 

of the R38A virus during infection. For example, it has been reported that the RNA-

binding domain of NS1A is involved in blocking the action of PKR by sequestering 

dsRNA (Lu et al. 1995; Hatada et al. 1999). However, because the NS1A protein RNA-

binding domain has a much lower affinity for dsRNA than the dsRNA-binding domain of 

PKR (Chien et al. 2004), it was not clear that the NS1A protein can inhibit PKR 

activation by effectively competing with PKR for dsRNA in vivo. In the present study, 

using the recombinant R38A mutant virus, we have shown that the dsRNA binding 

ability of the NS1A protein is not required for blocking PKR activation in vivo. In the 

cells infected with the R38A mutant virus, PKR activation was not detected (Figure 2.3 

lane 4). Instead of the dsRNA-binding domain of the NS1A protein, another region of the 

NS1A protein is required for the inhibition of PKR activation (see Chapter III). The 
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dsRNA-binding domain of influenza A virus also has been reported to block the 

activation of interferon regulating factor-3 (IRF-3) activation, and the subsequent 

production of IFN-β and other cellular IFN-induced antiviral genes (Talon et al. 2000; 

Wang et al. 2000; Ludwig et al. 2002; Donelan et al. 2003). Recently, the recombinant 

influenza A/WSN/33 virus (WSN NS1 R38AK41A virus) expressing a dsRNA-binding 

deficient NS1A protein has been (Donelan et al. 2003) shown to be attenuated in tissue 

culture cells and in mice. The authors proposed that this attenuation was caused by high 

levels of IFN-β induced in mutant virus infected cells. However, unlike the WSN wt 

NS1A protein, the NS1A protein which is expressed from WSN NS1 R38AK41A mutant 

virus is localized in the cytoplasm of the infected cells, also unlike the RNA-binding 

deficient mutant utilized in the current study, (Figure 2.2B) because the WSN NS1A 

protein lack a second nuclear export signal. Because of this mis-localization, the NS1A 

protein expressed from WSN NS1 R38AK41A virus would not be able to perform its 

nuclear functions, such as inhibiting cellular pre-mRNA processing, which has been 

independently shown to cause viral attenuation. Moreover, mis-localiztion of the NS1A 

protein would obscure the function of the RNA-binding domain. The NS1A protein of 

influenza A/Udorn/73 virus contains two NLSs, NLS1 is localized in RNA-binding 

domain at amino acid residues 34 to 41 and NLS2 is defined within C-terminal end of the 

effector domain at residues 219 to 237 (Melen et al., 2005). 

 Rather than the previously proposed functions of the RNA-binding domain of 

NS1A protein, here we show that the dsRNA binding ability of the NS1A protein is 

required for blocking the activation of 2’-5’ OAS which is also mediated by dsRNA 
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binding in vivo. The dsRNA binding domain of 2’-5’ OSA is located at the N-terminus of 

the protein between residues 1 and 158, and it does not share homology with the dsRNA-

binding domain of PKR. In addition, PKR binds dsRNA much more strongly than 2’-5’ 

OAS; 0.3M NaCl dissociates the 2-5 OAS-dsRNA complex, whereas the PKR-dsRNA 

complex is not dissociated even in the presence of 1M NaCl (Desai et al. 1995). 

Therefore it is not surprising that the low affinity dsRNA-binding domain of NS1A 

protein can effectively compete with 2’-5’OAS for dsRNA in vivo. We conclude that the 

RNA-binding domain of NS1A protein is required for blocking activation of 2’-5’ OAS 

during infection, and this increases the resistance of the virus to the action of the IFN 

produced during infection.  
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CHAPTER III 

BINDING OF THE INFLUENZA A VIRUS NS1 PROTEIN TO PKR 

MEDIATES THE INHIBITION OF ITS ACTIVATION BY EITHER 

PACT OR DOUBLE-STRANDED RNA 

 

ABSTRACT 

 

 A major component of the cellular antiviral system is the latent protein kinase 

PKR, which is activated by binding to either double-stranded RNA (dsRNA) or the 

cellular PACT protein. Activated PKR phosphorylates the translation initiation factor 

eIF2, thereby inhibiting viral and cellular protein synthesis and virus replication. To 

evade the antiviral effects of PKR, many viruses, including influenza A virus, have 

evolved multiple mechanisms. For influenza A virus, the non-structural (NS1A) protein 

plays a major role in blocking activation of PKR during virus infection. The mechanism 

by which the NS1A protein inhibits PKR activation in infected cells has not been 

established. In the present study, we carried out a series of in vitro experiments to 

determine whether the NS1A protein could utilize a common mechanism to inhibit PKR 

activation by both PACT and dsRNA, despite their different modes of activation. We 

demonstrated that the direct binding of the NS1A protein to the N-terminal 230 amino 

acid region of PKR can serve as such a common mechanism, and that this binding does 

not require the RNA-binding activity of the NS1A protein. Further, we demonstrated that 

an NS1A protein lacking RNA-binding activity, like the wild-type (wt) protein, blocked 



 

74

PKR activation by PACT in vivo, as well as the downstream effects of PKR activation in 

cells, namely, eIF2 phosphorylation and apoptosis. These results provide a rationale for 

determining whether the interaction of the NS1A protein with PKR plays an important 

role in blocking PKR activation during influenza A virus infection, which may be 

mediated by PACT as well as dsRNA. 

 

INTRODUCTION 

 

 The Ser/Thr protein kinase, PKR, is constitutively expressed in mammalian cells 

and is further increased by interferon treatment (Hovanessian, 1989; Meurs et al., 1990). 

PKR needs to be activated via a conformational change that is brought about by binding 

to either of its activators, double-stranded RNA (dsRNA) or the PACT protein (Galabru 

and Hovanessian, 1987; Ito, Yang, and May, 1999; Patel and Sen, 1998; Williams, 1999). 

Activation results in PKR autophosphorylation, and the activated PKR then 

phosphorylates specific target proteins (see below). Recent evidence indicates that the 

modes of activation by dsRNA and PACT differ. The current model for dsRNA 

activation is that an intramolecular interaction between the N-terminal and C-terminal 

domains of PKR keeps the protein in the inactive conformation, and that the binding of 

dsRNA to the two dsRNA-binding motifs (dsRBMs) in the N-terminal domain of PKR 

releases the C-terminal kinase domain, thus activating the enzyme (Nanduri et al., 2000). 

In contrast, in PACT activation, one of its domains (domain 3) binds to the C-terminal 

domain of PKR, releases it from its interaction with the N-terminal domain and thereby 
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activates its kinase domain (our unpublished results). Although PACT is a dsRNA-

binding protein, its dsRNA-binding activity, which is possessed by each of two domains 

(domains 1 and 2), is not required for PKR activation. Rather, domain 3 of PACT 

(PACTd3), which does not bind dsRNA, is necessary and sufficient for activating PKR 

(Peters et al., 2001). 

 Activated PKR blocks cellular and viral protein synthesis by phosphorylating the 

α subunit of the eukaryotic initiation factor (eIF2α), thereby inhibiting viral replication in 

infected cells (Gale and Katze, 1998; Samuel, 1993). Thus, PKR plays a central role in 

host defense against viral infection. To evade the antiviral effects of PKR, viruses have 

evolved multiple strategies to block PKR activation or action (Gale and Katze, 1998). It 

has been reported that influenza A virus uses two such strategies: its nonstructural 

(NS1A) protein blocks PKR activation; and viral infection activates a cellular inhibitor of 

PKR, p58IPK (Lu et al., 1995; Melville et al., 1997; Tan, Gale, and Katze, 1998). The 

mechanism by which the NS1A protein inhibits PKR activation in infected cells has not 

been established. The NS1A protein contains an RNA-binding domain, which is 

comprised of its N-terminal 73 amino acids and which binds dsRNA with low affinity 

(Chien et al., 1997; Chien et al., 2004; Hatada and Fukuda, 1992; Liu et al., 1997; Qian et 

al., 1995). The NS1A protein via its RNA-binding domain can block PKR activation by 

dsRNA in vitro (Hatada, Saito, and Fukuda, 1999; Lu et al., 1995). However, because the 

NS1A RNA-binding domain has a much lower affinity for dsRNA than the dsRNA-

binding domains of PKR (Chien et al., 2004), it is not clear that the NS1A protein can 

inhibit PKR activation by effectively competing with PKR for dsRNA in vivo. Early 
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experiments using mutant influenza A viruses have not established that the RNA-binding 

domain of the NS1A protein is required for the inhibition of PKR activation in infected 

cells (Donelan et al., 2004; Hatada, Saito, and Fukuda, 1999), and our results using the 

R38A mutant showed that the RNA-biding activity of the NS1A protein is not required 

for blocking PKR activation (Chapter II). Consistent with a different mechanism, namely 

that direct interaction of the NS1A protein with PKR blocks its activation, it has been 

reported that the NS1A protein binds PKR in infected cells (Tan and Katze, 1998). 

However, such a NS1A-PKR interaction in infected cells was not found by another group 

of investigators (Falcon et al., 1999). 

 To gain insights into the mechanism of NS1A-mediated inhibition of PKR 

activation, we carried out a series of in vitro experiments to determine whether the NS1A 

protein could utilize a common mechanism to inhibit PKR activation by both PACT and 

dsRNA, despite their different modes of activation. We demonstrate that the direct 

binding of the NS1A protein to PKR can serve as such a common mechanism. Thus, 

although the NS1A protein can bind to PACT, we show that binding of NS1A to PKR, 

but not to PACT, is responsible for blocking PKR activation by PACT in vitro. Further, 

we show that PKR binding by the NS1A protein, as well as its mutant that is defective in 

binding dsRNA, inhibits PKR activation by dsRNA as well as by PACT. Finally we show 

that the NS1A protein and its mutant defective in dsRNA-binding, block PACT-mediated 

PKR activation and the resultant eIF2α phosphorylation in vivo. These results provide a 

rationale for determining whether the interaction of the NS1A protein with PKR plays an 

important role in the blocking of PKR activation during influenza A virus infection. 
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MATERIALS AND METHODS 

 

Cell lines. HEK293T, human embryonic kidney cells, and HT1080 cells, human 

fibrosarcoma cells, were cultured in Dulbecco modified Eagle medium (DMEM) 

supplemented with 10% fetal bovine serum and antibiotics at 37oC under a 5% CO2 

atmosphere. 

 

Antibodies and other reagents. Actinomycin D, FLAG peptide, anti-FLAG monoclonal 

M2 antibody and M2-agarose were obtained from Sigma-Aldrich Corporation. 

Lipofectamine 2000 and anti-V5 monoclonal antibody was purchased from Invitrogen 

Corporation. Anti-PKR antibody was from Santa Cruz Biotechnology. Phospho-specific 

anti-eIF2α, phospho-specific anti-PKR (against phosphorylated threonine 445) and anti-

eIF2α antibodies were purchased from Cell Signaling Technology. PACT anti-domain 2 

and anti-domain 3 peptide antibodies (Peters et al., 2001; Peters et al., 2002) were custom 

produced by Bio-Synthesis, Inc. FuGENE 6 transfection reagent was from Roche. CaPO4 

transfection reagents were prepared according to Current Protocols in Molecular Biology. 

 

Expression vectors. The generation of FLAG-tagged and V5-tagged PKR constructs, 

pcDNA3-PKR(K296R)-FLAG and pV5-PKR, and FLAG-tagged PACT construct 

pcDNA3-FLAG-PACT as well have been described previously (Goh, deVeer, and 

Williams, 2000; Peters et al., 2001; Peters et al., 2002). pEGFP-C1 containing the cDNA 

coding for enhanced green fluorescent protein was from Promega. To generate V5-tagged 
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PKR deletion mutants, DNA fragments corresponding to residues 1-170, 1-230 and 1-300 

of PKR were amplified by PCR with primers containing restriction sites BamHI and XbaI. 

The PCR products were ligated in-frame into a V5 tagged vector, Vet (Goh KC, EMBO 

2000). To generate bacterial expression vectors containing GST-tagged wt NS1A and its 

deletion mutants, the A/Udorn/72 NS1 full length open reading frame was PCR amplified 

and cloned into the unique BamHI and EcoRI sites of the pGEX-3X plasmid to allow 

expression as glutathionetransferase (GST) fusion proteins. GST-tagged NS1A mutants 

with an alanine substitution at arginine 38 (R38A) was generated by using two rounds of 

PCR and specific oligonucleotide primers. The resultant DNA was cloned into 

BamHI/EcoRI-digested pGEX-3X. To generate NS1A mammalian expression vector 

containing a mutated binding site for the 30kDa subunit of the cleavage and 

polyadenylation specific factor (CPSF), amino acids 184 to 188 of the influenza 

A/Udorn/72 NS1A protein were changed from GLEWN to RFLRY (NS1M) as described 

previously (Noah, Twu, and Krug, 2003), and the resulting DNA was cloned into 

pcDNA3 vector. Its derived mutant containing R38A mutation, NS1M(R38A), in 

pcDNA3 was also made as described above. All the resulting DNA clones with internal 

mutations were sequenced to verify the introduction of desired mutations. 

 

Purification of NS1A, PACT and their derivatives. GST-NS1A fusion proteins were 

purified as previously described (Qiu and Krug, 1994). The purity of GST-fusion protein 

was established by SDS-PAGE followed by coomassie blue staining and Western blotting 

with anti-GST antibody (Amarsham). Bacterial expression and purification of wt PACT, 
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PACT∆1, PACT∆3 and the fusion protein of maltose binding protein (MBP) and PACT 

domain 3, MBP-3, were described previously (Peters et al., 2001; Peters et al., 2002). 

 

PKR kinase assay in vitro. PKR activation assays were performed using epitocally 

expressed V5-tagged PKR (Yin et al., 2003). V5-PKR was expressed in HEK293T cells 

by CaPO4 transfection and immunoprecipitated with anti-V5 monoclonal antibody. 

Kinase assay was done in activity buffer containing: immobilized PKR, an activator 

(dsRNA, purified wt PACT, PACT∆1, or MBP-3), and 1 µCi of [γ-32P]ATP at 30 °C for 

30 min. To test the effects of purified GST-wt NS1A or GST-NS1A(R38A) mutant on 

PKR activation, PKR immunoprecipitate was incubated with purified GST-NS1A 

proteins or GST protein control at 4 oC for 5 min followed by addition of a purified PKR 

activator and [γ-32P]ATP. As a control, neither PKR activator nor GST proteins was 

added to the PKR activation reaction. Autophosphorylated PKR was analyzed by SDS-

PAGE and visualized by autoradiography. PKR activation levels were quantified by 

PhosphorImager analysis and presented as a chart. The amount of radioactivity in PKR in 

the absence of any added purified protein was regarded as background and subtracted 

from all other values. The amount of radioactivity in PKR activated by an activator alone 

was considered 100%, and the values for GST proteins are presented as percentages of 

that value. 

 

Assay for binding of PACT domain 3 to PKR. Purification of PKR(K296R)-FLAG 

protein and in vitro PACT domain 3-PKR binding assay were described previously 
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(Peters et al., 2002). To test the effect of NS1A protein on binding of MBP-3 to PKR, 

increasing amounts of GST-NS1A protein were pre-incubated with 0.5 µg resin-bound 

MBP or MBP-3 in binding buffer (20 mM Tris-HCl, 10 mM β-mercaptoethanol, 1 mM 

EDTA, and 10% glycerol, pH 7.5) at 4 oC for 5 min, and then 1 µg purified 

PKR(K296R)-FLAG protein was added to the mixture and incubated at 4 oC for 1 h. 

Proteins bound to the beads were analyzed SDS-PAGE followed by Western Blot 

analysis with anti-FLAG antibody for detecting PKR(K296R)-FLAG and anti-PACT 

domain 3 antibody for detecting MBP-3.  

 

GST pulldown assay. To analyze protein interactions between NS1A proteins and PKR 

or PACT proteins, GST or GST-NS1A proteins were mixed with cell extracts containing 

V5-tagged or FLAG-tagged PKR proteins in binding buffer A (20 mM Tris-HCl, 50 mM 

NaCl, 0.4% Triton X-100, 20% glycerol, 100 units/ml aprotinin, 0.2 mM PMSF, pH 8.0), 

or with bacterially purified PACT proteins in binding buffer B (20 mM Tris-HCl, 200 

mM NaCl, 1% Triton X-100, 20% glycerol, 100 units/ml aprotinin, 0.2 mM PMSF, pH 

8.0). After 1 h at 4 oC on a rotating wheel, 30 µl of glutathinione-Sepharose 4B 

(Amersham Pharmacia) (50% solution in binding buffer) was added and the mixtures 

were spun for 2 h. The beads were precipitated and washed three times with 500 µl of 

binding buffer. The proteins binding to NS1A proteins were analyzed SDS-PAGE 

followed by Western Blot analysis with anti-FLAG antibody, anti-V5 antibody, or anti-

PACT domain 2 antibody. GST proteins were detected with anti-GST antibody. 
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Analysis of the phosphorylations of PKR and eIF2α in vivo. To measure the 

phosphorylation levels of PKR and eIF2α, HT1080 cells were transfected with pcDNA3, 

or pcDNA3-FLAG-PACT alone, or pcDNA3-FLAG-PACT together with NS1A 

constructs using lipofectamine 2000 reagent. Wt NS1A binds to the 30 kDa subunit of 

CPSF, thereby inhibiting 3’-end processing of pre-mRNA of cellular or transfected genes. 

To coexpress PACT and NS1A in cells, NS1A mutants [NS1M and NS1M(R38A)] 

deficient in CPSF binding were used (Noah, Twu, and Krug, 2003). After 47 h, cells were 

treated with 50 ng/ml of actinomycin D for 1 h, harvested and lysed in lysis buffer (20 

mM Tris, 100 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 0.1 M phenylmethylsulfonyl 

fluoride, 200 units/ml aprotinin, 100 µM vanadate, 1 mM NaF, 2 nM okadaic acid, 25 

mM β-glycerophosphate, pH 8.0). Protein concentrations of cell lysates were measured 

by the Bradford method (BioRad, CA). Cell extracts containing 50 µg of protein were 

resolved on SDS polyacrylamid gels. FLAG-PACT and NS1A proteins were detected 

using anti-FLAG antibody and NS1A antibody, independently. Phospho-specific anti-

eIF2α and phospho-specific anti-PKR antibodies were used to detect phosphorylated 

proteins, and anti-eIF2α and anti-PKR antibodies were used to detect PKR and eIF2α 

protein levels. 

 

Cell survival assay. HT1080 cells were cotransfected with pcDNA3, or pcDNA3-FLAG-

PACT, or pcDNA3-FLAG-PACT with NS1M or NS1M(R38A) construct, as well as 

pEGFP-C1 using Lipofectamnine 2000 transfection reagent. The total amount of DNA 

used was 8.5 µg and the ratio of FLAG-PACT:NS1A consruct:pEGFP-C1 was 
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3.75:3.75:1. At 6 h after transfection, cells were treated with 50 ng/ml of actinomycin D 

for inducing PACT-mediated apoptosis (Peters et al., 2001). At 48 h after transfection, 

the media containing dead cells was removed and cells remaining on the plates were 

washed with PBS three times and collected. By using flow cytometry, effects of NS1A 

proteins on cell-killing by PACT were analyzed by comparing the percentages of EGFP-

expressing cells for transfection with vector control, transfection with PACT alone and 

transfections with PACT and NS1A constructs. The cell survival value for vector 

transfection is considered 100% and the values for other transfections are presented as 

percentage of that value. 

 

RESULTS 

 

The NS1A protein inhibits PKR activation mediated by PACT. 

 PKR can be activated by either dsRNA or the cellular PACT protein (Clemens 

and Elia, 1997; Galabru and Hovanessian, 1987; Patel and Sen, 1998). To determine 

whether the influenza virus NS1A protein inhibits PKR activation mediated by PACT, 

increasing amounts of GST-NS1A protein was added to PKR in the presence of PACT 

(Figure 3.1). In this in vitro assay, we used PKR that had been purified from human cell 

extracts and purified recombinant PACT. Activation of PKR was measured by its 

autophosphorylation. Without added PACT, there was only a low level of 

phosphorylation of PKR (lane 1, Figure 3.1 top), which was substantially increased upon 

addition of the PACT activator to the reaction mixture (lane 2). These results  
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Figure 3.1 NS1A blocks activation of PKR by PACT in vitro in a dose-dependent 
manner. The effects of increasing concentrations of purified NS1A protein on PRK 
activation by wt PACT were tested. PKR activation assays were performed and PKR 
activation levels were quantified by phosphorImager analysis and presented in the bottom 
chart. PKR was incubated with purified PACT (15 nM) as an activator in the absence of 
added protein (lane 2), in the presence of the indicated concentrations of purified GST-
NS1A (lanes 3 to 5), or in the presence of the indicated concentrations of purified GST 
(lanes 6 to 8) of GST protein, as described in Materials and Methods. As a control, buffer 
was added to the PKR activation reaction (lane 1). Arrow indicates 32P-labeled PKR. 
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demonstrated that the PKR preparation was virtually free of any co-purified activator, 

such as dsRNA, and that the PACT preparation was highly active. When the GST-NS1A 

protein was added to the reaction, we observed a dose-dependent inhibition of PKR 

autophosphorylation (lanes 3-5). The same amounts of GST protein had little effect (lanes  

6-8), indicating that the observed inhibition of PKR activation by GST-NS1A was due to 

the NS1A part of the fusion protein. Quantitation of the intensities of the bands 

demonstrated that NS1A, at the highest dose, almost completely blocked PKR activation 

by PACT (Figure 3.1, bottom). 

 

The binding of the NS1A protein to PKR residues 1-230 is responsible for the 

inhibition of PACT-mediated activation of PKR. 

 To identify the protein-protein interactions that are responsible for the inhibition 

of PACT-mediated inhibition of PKR activation, GST-NS1A was used in a GST 

pulldown assay with PKR (Figure 3.2A) and PACT (Figure 3.2B). The GST-NS1A 

protein, but not GST, bound to PKR (Figure 3.2A, lanes 1 and 5). To determine the 

region of PKR to which the NS1A protein binds, we tested a series of C-terminal deletion 

mutants of PKR for binding to GST-NS1A. The GST-NS1A protein bound to PKR (1-

300) and full-length PKR strongly (lanes 1 and 2), and also bound to PKR (1-230) (lane 

3), but not to PKR (1-170) (lane 4). These results demonstrate that the NS1A protein 

requires residues 1-230 of PKR for binding. In contrast, dsRNA requires only residues 1-

170 of PKR for binding (Feng et al., 1992; Green and Mathews, 1992; Katze et al., 1991; 

McCormack, Thomis, and Samuel, 1992; Patel and Sen, 1992). 
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Figure 3.2 NS1A binds to both PKR and PACT. (A) NS1A binds to PKR residues 1 to 
230. The binding of GST-NS1A to PKR and truncated PKR mutants was tested in GST 
pulldown assays. 0.5 µg of purified GST or 1 µg of purified GST-NS1A protein was 
incubated with cell extracts containing V5-tagged PKR proteins in binding buffer 
containing glutathione-Sepharose 4B. After binding, the PKR protein constructs 
interacting with GST-NS1A protein were analyzed by Western blotting with V5 antibody. 
1-551, PKR(1-551); 1-170, PKR(1-170). (B) PACT binds to NS1A and its domain 1 is 
necessary for this binding. 1 µg of bacterially purified wt PACT, PACT∆1 missing 
domain 1 and PACT∆3 lacking domain 3 were incubated with 1 µg of purified GST-
NS1A or 0.5 µg of GST protein and GST pulldown assays were performed. Western blot 
analysis was performed to detect PACT proteins interacting with NS1A using anti-PACT 
domain 2 antibody. WT, wt PACT, the bottom band in the lane for wt PACT is degraded 
product; ∆1, PACT mutant missing domain 1; ∆3, PACT mutant missing domain 3. 
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 Similar pull-down assays demonstrated that the NS1A protein also binds to PACT 

(lane 1, Figure 3.2B). PACT has three identifiable domains, all of which bind to PKR, 

but only the binding of domain 3 leads to activation of PKR. In contrast, only domain 1 

of PACT is required for binding to the NS1A protein. Thus, GST-NS1A bound strongly  

to PACT∆3, missing domain 3 (lane 3), but did not bind to PACT∆1, missing domain 1 

(lane 2). The latter result showed that domains 2 and 3, both present in PACT∆1, were 

not sufficient for binding to GST-NS1A. 

 To determine whether the interaction with PKR or the interaction with PACT was 

required for the observed NS1A protein-mediated inhibition of PKR activation, we took 

advantage of the fact that the NS1A protein did not bind to either PACT∆1 or MBP-3 (a 

fusion protein of PACT domain 3 with the maltose binding protein), each of which can 

activate PKR. If the NS1A protein inhibited PKR activation caused by PACT∆1 or MBP-

3, then such inhibition could only result from the binding of the NS1A protein to PKR. In 

fact, this was the case: NS1A inhibited activation of PKR by PACT∆1 (Figure 3.3A) and 

MBP-3 (Figure 3.3B) in a dose-dependant fashion. We conclude that the binding of the 

NS1A protein to residues 1-230 of PKR, but not to PACT, is responsible for the 

inhibition of PACT-mediated PKR activation. 

 One possible mechanism by which the NS1A protein might inhibit PKR 

activation by PACT would be by blocking the binding of PACT domain 3 to PKR. The 

results in Figure 3.3C demonstrate that this is not the case. Increasing amounts of the 

GST-NS1A protein did not inhibit binding of MBP-3 to PKR (lanes 3-6). These results 

indicate that the observed inhibitory effect of the NS1A protein on PKR activation is not  
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Figure 3.3 NS1A blocks PKR activation by binding to PKR, not PACT. (A) NS1A 
blocks PKR activation by PACT∆1. PKR activation assays in vitro were performed to 
test the effects of increasing concentrations of NS1A protein on PACT∆1-mediated PKR 
activation. PACT∆1 was used at 15 nM concentration. Lane 1, buffer control; lane 2, 
PACT∆1 alone; lanes 3 and 6, 27 nM GST proteins; lanes 4 and 7, 81 nM GST proteins; 
lanes 5 and 8, 270 nM GST proteins; (B) NS1A blocks PKR activation by PACT domain 
3. PKR kinase assays were done as above, except that10 nM of MBP-3 was used as an 
activator. (C) NS1A does not disrupt binding of PACT domain 3 to PKR. Binding of 
MBP-3 to purified FLAG-tagged PKR were tested in the presence of 0.1 µg (lane 3), 0.3 
µg (lane 4), 1 µg (lane 5) or 2 µg (lane 6) of purified GST-NS1A protein. As controls, 
PKR was incubated with either immobilized MBP (lane 1) or MBP-3 (lane 2) in the 
absence of NS1A protein. The PKR protein interacting with MBP-3 was Western blotted 
with FLAG antibody.  
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mediated by impairing the interaction of PACT domain 3 with PKR. 

 

The binding of the NS1A protein to PKR blocks its activation by dsRNA as well as 

by PACT and does not require dsRNA binding by the NS1A protein 

 The NS1A protein binds dsRNA, albeit with a low affinity. Previous experiments 

have shown that the NS1A protein via its RNA-binding domain can inhibit PKR 

activation in vitro by binding dsRNA. To determine whether the NS1A protein can 

inhibit PKR activation independently of its dsRNA-binding activity, when activation is 

mediated by either PACT or dsRNA, we used a mutant NS1A protein in which the 

arginine (R) at position 38 has been replaced by alanine (A). This R38A mutant NS1A 

protein has little or no dsRNA-binding activity (Wang et al., 1999). Like the wild-type 

NS1A protein, the R38A mutant protein binds PKR strongly (Figure 3.4A). The R38A 

mutant NS1A protein inhibits PKR activation in a dose-dependent manner, whether PKR 

is activated by PACT or by dsRNA (Figure 3.4B). Consequently, although the modes of 

PKR activation by dsRNA and PACT differ, the binding of the R38A NS1A mutant 

protein to PKR in vitro inhibits PKR activation mediated by both of these activators. 

 

The NS1A protein inhibits PKR activation by PACT in vivo 

 When cells expressing PACT are subjected to extracellular stress, by treatment 

with a very low dose of actinomycin D, PKR is phosphorylated (activated) and as a 

consequence, eIF2α is phosphorylated (Patel et al., 2000; Peters et al., 2001). We 

determined whether the NS1A protein inhibits both PACT-mediated PKR activation and  
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Figure 3.4 RNA-binding property of NS1A is not required for inhibition of PKR 
activation by PACT and dsRNA. (A) Like wt NS1A, an RNA-binding deficient NS1A 
mutant, NS1A(R38A), binds to PKR. The binding of wt NS1A and NS1A(R38A) to 
FLAG-tagged PKR expressed from HT1080 cells was tested by GST pulldown assays. 
0.5 µg of purified GST (lane 1), 1 µg of purified wt NS1A protein (lane 2) or 1 µg of 
purified NS1A(R38A) (lane 3) was incubated with cell extracts containing FLAG-tagged 
PKR and then precipitated by using glutathione-Sepharose 4B. The FLAG-tagged PKR 
interacting with NS1A proteins were analyzed by Western blotting with FLAG antibody. 
WT, GST-wt NS1A; R38A, GST-NS1A(R38A). (B) NS1A(R38A) inhibits PKR 
activation by PACT and dsRNA. In vitro kinase activation assays were performed using 
PACT (upper panel) or dsRNA (lower panel) as the activator, in the presence of 
increasing concentrations of GST-tagged NS1A(R38A) protein. Lane 1, buffer control; 
lanes 2 to 5, 15 nM PACT (upper panel) or 1 µg/ml dsRNA (lower panel); lane 3, 27 nM 
NS1A(R38A) protein; lane 4, 81 nM NS1A(R38A) protein; lane 5, 270 nM NS1A(R38A) 
protein. 
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the resulting eIF2α phosphorylation. HT1080 cells, which express very little PACT (Patel 

and Sen, 1998; Peters et al., 2001), were transfected with a vector expressing PACT. 

Treatment of these cells with actinomycin D activated PKR, as measured by its 

phosphorylation (Figure 3.5, top panel, lane 3), and the consequent phosphorylation of  

eIF2α, a major target of PKR (Figure 3.5, second panel, lane 3). These phosphorylations 

were dependent on PACT expression because they did not take place after actinomycin D 

treatment of cells transfected with an empty vector (Figure 3.5, lane 1). To determine 

whether the NS1A protein inhibited these two phosphorylations, a plasmid expressing the 

NS1A protein was co-transfected with the PACT-expression vector. Because wild-type 

NS1A protein inhibits the 3’ end processing of cellular pre-mRNAs, including pre-

mRNAs expressed from plasmids under the control of polymerase II promoters, we 

expressed a mutant form of the NS1A protein (NS1M) that lacks this function (Noah, 

Twu, and Krug, 2003). Both the NS1M protein and its R38A mutant (NS1M(R38A)), 

blocked the phosphorylation of both PKR and eIF2α in vivo (Figure 3.5, lanes 4 and 5). 

PACT was expressed at similar levels in all transfected cells (Figure 3.5, third panel) and 

the NS1M and NS1M(R38A) proteins were expressed equally well (Figure 3.5, bottom 

panel), thus validating these results. 

 We have developed a quantitative cell survival assay to measure apoptosis 

resulting from PACT-mediated activation of PKR. In this assay, an expression vector of 

PACT is co-transfected with a GFP expression vector. After treatment with a low level of 

actinomycin D, live transfected cells are identified by their GFP expression and counted 

by FACS. Almost all (approximately 90%) of the PACT-expressing cells are killed upon  
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Figure 3.5 NS1A blocks PACT-activated phosphorylation of PKR and eIF2α in 
stressed cells. HT1080 cells were cotransfected with FLAG-tagged PACT and NS1A 
constructs, NS1M and NS1M(R38A), at 1:1 ratio and treated with 50 ng/ml of 
actinomycin D for 1 h. As controls, cells were tansfected with empty vector or FLAG-
PACT vector alone, and left treated or untreated. Cell extracts were then prepared and 
analyzed by SDS-PAGE and Western blotting. The top panel shows phosphorylation 
level and protein level of PKR detected by anti-phospho-PKR (P-PKR) and anti-PKR 
antibodies (PKR). The second panel shows phosphorylation level and protein level of 
eIF2α detected by antibodies against phosphoe-IF2α (P-eIF2α) and eIF2α. The third and 
the bottom panels show expression of PACT and NS1A proteins detected by Western blot 
analysis with anti-FLAG antibody and anti-NS1A antibody, respectively. NS1M, NS1A 
containing mutated residues from 184 to 188 and defective in CPSF binding and 
inhibition of cellular gene expression; NS1M(R38A), NS1M with R38A mutation. 
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actinomycin D treatment (Figure 3.6, lane 2). When cells are transfected with a vector 

for expressing only GFP, but not PACT, they are not killed by the actinomycin D 

treatment (data not shown). Co-expression of the NS1M or the NS1M(R38A) protein 

efficiently protected the cells from PACT-mediated apoptosis (Figure 3.6, lanes 3 and 4). 

 The results presented in Figures 3.5 and 3.6 demonstrate that in vivo, the NS1A 

protein blocks PACT-mediated PKR activation and the consequent phosphorylation of 

eIF2α and cellular apoptosis. Moreover, the RNA-binding activity of the NS1A protein is 

not required for this protective effect. 

 

DISCUSSION 

 

 Both dsRNA and PACT activate PKR, but via different mechanisms. Although 

traditionally it has been thought that viral dsRNA is the activator of PKR in virus-

infected cells, there is no compelling evidence in the literature to support this notion. It is 

possible that viruses activate PACT, which in turn activates PKR. Based on the concept 

that viruses would need to block PKR activation by both dsRNA and PACT, we carried 

out in vitro experiments to determine whether the NS1A protein of influenza A virus, the 

viral protein that has been implicated in the inhibition of PKR activation during virus 

infection (Bergmann et al., 2000), can block PKR activation by both activators. We 

established that this was indeed the case, by demonstrating that the binding of the NS1A 

protein to the N-terminal 230 amino acid region of PKR is necessary and sufficient to 

block PKR activation by both PACT and dsRNA in vitro. The ability of the NS1A  
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Figure 3.6 NS1A blocks stress-induced PACT-mediated cell-killing. Cell survival 
assays were performed to test the effects of NS1A proteins on PACT-mediated cell-
killing by monitoring the loss of EGFP-expressing cells after co-transfection of indicated 
expression constructs with an EGFP expression vector. The error bars represent the 
standard error calculated from three independent experiments. 
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protein to bind to PKR and block its activation by both activators does not require the 

RNA-binding activity of the NS1A protein. Thus, the R38A mutant NS1A protein, which 

lacks RNA-binding activity, effectively binds to PKR and blocks its activation by both 

dsRNA and PACT. Further, we demonstrated that the R38A mutant NS1A protein, like 

the wild-type protein, blocks PKR activation by PACT in vivo, as well as the downstream 

effects of PKR activation in cells, namely, eIF2α phosphorylation and apoptosis. 

 These results raise two important issues. First, how does the binding of the NS1A 

protein to PKR block the activation of PKR by two activators (dsRNA and PACT) whose 

modes of activation are quite distinct? This issue is also relevant for the HSV-1 protein 

US11, which has little sequence homology with NS1A, but can similarly block PKR 

activation by either dsRNA or PACT (Peters et al., 2002). It is curious to note that both 

NS1A and US11 proteins are RNA-binding proteins, but this property of neither protein 

is required for inhibiting PKR activation. Instead, what is required is the ability to bind 

PKR directly. Although both proteins bind to the N-terminal region of PKR, the exact 

binding sites are different. Residues 1-170 of PKR are sufficient to bind US11, but not 

NS1A, which requires residues 170-230 as well, suggesting that the NS1A-binding site is 

located between residues 170 and 230 of PKR. Current information suggests that an 

intramolecular interaction between the N-terminal region and the kinase domain of PKR 

is responsible for keeping the protein in an inactive conformation and the binding of 

dsRNA to the N-terminal region or the binding of PACTd3 to the kinase domain causes 

the conformational change that activates PKR (Figure 3.7A). Results presented here 

suggest that the binding of NS1A to the linker region of PKR, between the dsRNA-
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binding domain and the kinase domain, blocks this conformational change (Figure 3.7B). 

The block is not mediated by interfering with the PACTd3/PKR interaction (Figure 3.3C), 

but by strengthening the intramolecular interaction between the two domains of PKR and 

freezing it in an inactive state. This model is valid for the inhibitory action of US11 as 

well (Peters et al, 2002). We believe that this mechanism also holds true for PKR  

activation by dsRNA (Figure 3.7B), in which case the PKR/dsRNA/NSIA complex 

remains frozen in the inactive conformation, a postulate that can be experimentally tested 

in the future. Note that the model does not require an interaction between NS1A and 

dsRNA, which is supported by our experimental results. The second issue is: does the 

NS1A protein in influenza A virus-infected cells utilize the mechanism described here, 

namely binding to the N-terminal region of PKR, to block PKR activation? This 

mechanism would enable influenza A virus to block activation by both dsRNA and 

PACT. However, previous studies have provided conflicting results concerning whether 

the NS1A protein interacts directly with PKR in infected cells. An alternative mechanism 

for blocking PKR activation is that the NS1A protein via its RNA-binding domain 

sequesters dsRNA, rendering it unavailable for PKR activation. However we show that 

PKR is not activated in cells infected by the R38A mutant virus (Chapter II) indicating 

that dsRNA-binding by the NS1A RNA-binding domain is not required for blocking PKR 

activation. The elucidation of the mechanism for NS1A-mediated inhibition of PKR 

activation in influenza A virus-infected cells may be complicated by the possible 

additional mechanism for the inhibition of PKR activation by the cellular p58IPK protein. 

Nonetheless, the results presented here provide a rationale for determining whether the  
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Figure 3.7 Model for NS1A-mediated inhibit ion of PKR activation. (A) Binding of 
dsRNA to PKR dsRBM1 and dsRBM2 or binding of PACT domain 3 to PKR kinase 
domain disrupts the intramolecular interaction between dsRBM2 and the kinase domain 
of inactive PKR and induces similar conformational changes leading to its activation. (B) 
Binding of NS1A protein to the linker region of PKR prevents PKR-activation by PACT 
domain 3, even though PACT domain 3 can still bind to the kinase domain of PKR. Such 
a binding also blocks dsRNA-mediated PKR activation. 
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interaction of the NS1A protein with PKR plays an important role in the blocking of PKR 

activation during influenza A virus infection. 
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CHAPTER IV 

THE MECHANISM BY WHICH THE NS1A PROTEIN BLOCKS 

PKR ACTIVATION IN INFLUENZA A VIRUS INFECTED CELLS 

 

INTRODUCTION 

 

 Interferons (IFNs) mediate their antiviral actions by inducing a number of genes 

at the transcriptional level (Sen and Lengyel 1992; Sen and Ransohoff 1993). The double 

stranded RNA (dsRNA)-activated protein kinase PKR is an interferon inducible, 

serine/threonine kinase that mediates the cellular antiviral response by inhibiting protein 

synthesis within the cell (Clemens and Elia 1997; Williams 1999). Most mammalian cells 

express PKR constitutively but PKR’s expression is enhanced by interferon treatment 

(Biron and Sen 2001). The PKR protein is maintained in an inactive form in which the 

ATP binding site in the C-terminal kinase domain is blocked by the N-terminal RNA 

binding domain. Upon binding to its activators, PKR undergoes a conformational change 

that exposes the ATP-binding site and causes its autophosphorylation in serine-threonine 

residues and activation (Sen 2001). The most well known activators of PKR are dsRNA 

and the cellular protein activator known as PACT but the mode of activation by these two 

activators differs. For activation by dsRNA, two dsRNA-binding motifs present at the N-

terminus of PKR bind to dsRNA thereby altering its conformation to an active state in 

which it can bind ATP and phosphorylate its own subunits. For activation of PKR 

through the PACT protein, PACT domain 3 directly binds to the C-terminal kinase 
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domain of PKR, thereby releasing its kinase domain and activating PKR. Although 

PACT can also bind to the dsRNA-binding motifs of PKR through interactions with it’s 

own RNA binding domain (domain 1and 2), this binding is not required for the activation 

of PKR (Peters et al. 2001). 

 Activated PKR phosphorylates the α subunit of eukaryotic translation initiation 

factor 2 (eIF-2α) to inhibit protein synthesis. As viruses utilize the host translation 

machinery, this inhibition also inhibits viral protein synthesis and serves as an 

overlapping mechanism for the IFN-independent and IFN-induced inhibition of viral 

replication (Williams 1999; Biron and Sen 2001). To circumvent the action of PKR, 

many viruses have evolved different mechanisms to block PKR activation and action. 

Recently, it has been shown that the herpes simplex virus type1 Us11 protein can block 

PACT-mediated PKR activation through binding to N-terminal domain of PKR in vitro 

and in vivo (Peters et al. 2002). For influenza A virus, it has been suggested that its non-

structural protein (NS1A) plays a major role in blocking activation of PKR. Previously 

we have shown that NS1A binds directly to PKR and that this binding is responsible for 

blocking PKR activation by PACT and dsRNA in vitro (see Chapter III). The RNA-

binding property of NS1A was not required for inhibition of PKR activation by PACT or 

dsRNA. However, the relevance of this inhibition during viral infection has not been 

determined.  

 In the present study we established the mechanism of NS1A-mediated inhibition 

of PKR in infected cells. Here, we identified the specific binding site on the NS1A 

protein to be between amino acids 123 and 127. To determine whether the interaction of 
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the NS1A protein with PKR plays an important role in the blocking of PKR activation 

during influenza A virus infection, we generated recombinant influenza A/Udorn/72 

viruses encoding an NS1A protein which has an altered amino acid sequence in this PKR 

binding region. Using these recombinant mutant viruses, we found that the binding of 

PKR to amino acids 123-127 of the NS1A protein is necessary and sufficient for 

inhibiting PKR activation during infection. Interestingly, this region also appears to be 

involved in viral RNA synthesis through an unknown mechanism.  

 

MATERIALS AND METHODS 

 

Cell lines. A549, human lung carcinoma cells and MDCK cells were cultured in 

Dulbecco modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum 

and antibiotics at 37°C under a 5% CO2 atmosphere. PKR wt and PKR KO MEFs 

(provided by Bryan Williams) were maintained as monolayer cultures in DMEM 

supplemented to contain 25% heat-inactivated calf serum, 2Mm glutamine, 50U of 

penicillin G/ml and 50µg of streptomycine sulfate/ml.  

 

In vitro PKR kinase assay. Described in Chapter III. Materials and Methods. 

 

Purification of NS1A proteins and its derivatives. The A/Udorn/72 NS1A full length 

open reading frame and truncations to the 73, 125, 150 and 174 N-terminal amino acids 

were cloned into the unique BamHI and EcoRI site of the pGEX-3X plasmid to allow 
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expression as glutathione-transferase fusion proteins. Random alanine substitution mutant 

NS1A proteins were generated by substitution of the amino acids in 117-133 regions of 

amino acids with alanine using site-directed mutagenesis and subsequent cloning into 

pGEX-3X as above. The resulting clone was transformed into BL21 (DE3) cells from 

Invitrogen and transformed cells were grown at 37°C to OD 600nm of 0.8, isopropyl-β-D 

thiogalactopiranoside (0.1mM) was added and incubated at 25°C for 7hrs. GST fusion 

proteins were purified as previously described (Qiu and Krug 1994). Protein 

concentrations were determined by Bio-Rad protein assay. The purity of GST-fusion 

protein was established by SDS-PAGE followed by coomassie blue staining and western 

blotting with anti-GST antibody (Amarsham).  

 The putative PKR binding deficient NS1A proteins were made by substitution of 

two amino acids by alanine or threonine within 111 to 133 region of NS1A protein. 

Alteration of Udorn NS1A residues 111/112 from VE to AA was performed by using two 

rounds of PCR and specific oligonucleotide primers according to Curent Protocals in 

Molecular Biology. The resulting DNA was sequenced and cloned into pGEX-3X. The 

other 7 mutant constructs were made by same method. The resulting plasmids were 

transformed into BL21 cells and GST-fusion proteins were prepared as described above. 

 

GST pulldown assay. To analyze protein interactions between NS1 proteins and PKR or 

PACT proteins, GST or GST- NS1 proteins were mixed with cell extracts containing V5-

tagged or FLAG-tagged PKR proteins in binding buffer A (20 mM Tris-HCl [pH 8.0], 50 

mM NaCl, 0.4% Triton X-100, 20% glycerol, 100 U of aprotinin/ml, 0.2 mM PMSF), or 
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with bacterially purified PACT proteins in binding buffer B (20 mM Tris-HCl [pH 8.0], 

200 mM NaCl, 1% Triton X-100, 20% glycerol, 100 U of aprotinin/ml, 0.2 mM PMSF). 

After 1 h at 4 oC on a rotating wheel, 30 µl of glutathinione-Sepharose 4B (Amersham 

Pharmacia) (50% solution in binding buffer) was added and the mixtures were spun for 2 

h. The beads were precipitated and washed three times with 500 µl of binding buffer. The 

proteins binding to NS1 proteins were analyzed SDS-PAGE followed by Western Blot 

analysis with anti-FLAG antibody, anti-V5 antibody, or anti-PACT domain 2 antibody. 

GST proteins were detected with anti-GST antibody. 

 

Generation of recombinant influenza A/Udorn/72 virus from cloned DNA. pHH21 

plasmids containing the full-length cDNAs for each of the eight influenza A/Udorn/72 

genomic RNA segments; and four pcDNA plasmids encoding PB1, PB2, PA, and NP of 

influenza A/Udorn/72 were provided by Makoto Takeda (Takeda et al. 2002). Alteration 

of Udorn NS1A residues 123/124 from IM to AA and 126/127 from KN to AA was 

performed by using two rounds of PCR and specific oligonucleotide primers (Ausubel 

1994). The resulting DNA was sequenced and cloned into pHH21. Viruses encoding the 

wild-type and mutanted NS1A proteins were generated by cotransfecting 293T cells with 

eight plasmids encoding the vRNA segments and four plasmids expressing the PB1, PB2, 

PA, and NP proteins, as described by Taketa et al. (2002). At various times 

posttransfection, culture supernatants were collected. Viruses were titered by plaque 

assay on MDCK cells, and individual plaques were amplified in 10-day-old embryonic 
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chicken eggs at 34°C. Amplified virus was titered by plaque assay on MDCK cells, and 

all the genomic RNA segments were sequenced. 

 

Analysis of the phosphorylations of PKR and eIF2α in vivo. A549 cells were infected 

with recombinant wild type virus and 123/124 mutant virus at moi of 5 as described 

above. As a positive control A549 cells were treated with 1000U of human interferon 

beta for 24 hours. Six hours post infection cells were washed with cold PBS and RIPA 

buffer (50mM Tris-Cl pH 7.5, 1% NP-40, 0.5% sodium deoxycolate, 0.05% SDS, 1mM 

EDTA, 150 mM NaCl) containing protease inhibitor was added to lyse the cell. Protein 

concentration of lysate was measured by Bradford method and 4ug of protein from each 

sample was subjected into 10% of SDS-PAGE. Activated PKR was detected by western 

immunoblotting using antibody specific for phosphorylayed PKR at threonine 451 from 

Cell Signaling. Total PKR was measured by western blotting using antibody for PKR 

from Santa Cruz.  

 

Virus infection. For multiple cycle growth curve, MDCK cells were infected at a 

multiplicity of infection of 0.001 PFU/cell and were incubated in serum-free DMEM 

supplemented with 2.5 ug/ml N-acetylated trypsin (NAT). For single-cycle infection, 

A549 cells were infected with 5 PFU/cell and overlayed with DMEM containing 2% calf 

serum and 0.1ug/ml of NAT. 
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Multiple cycle growth curve. To measure the rate of virus replication, MDCK cells were 

infected with recombinant wild type virus and 123/124 mutant virus as described above. 

After infection medium from infected cells were harvested every 12hrs for two days and 

virus production was measured by plaque assay. 

 

Radiolabeling. A549 cells, PKR wt MEFs, and PKR KO MEFs were infected at moi of 5 

pfu/cell. At various times after infection, cells were washed twice and methionine-free 

DMEM, 5μl of a mixture of 35S-methionine and 35S-cysteine (Promix, Amersham) was 

added in a final volume of 1ml of serum free DMEM, followed by incubation for 30 

minutes at 37°C. After incubation, cells were washed twice with PBS and lysed in 200μl 

of Laemmli sample buffer. An aliquot was loaded onto 15% SDS-polyacrylamide gels for 

analysis by autoradiography.  

 

RNA analysis (Quantitative RT-PCR). MDCK cells were infected with either wt or 

123/124 mutant virus at a moi of 5 pfu/cell and overayed with serum-free DMEM. At the 

time indicated, the cells were collected, and total RNA was extracted using Trizol 

(Invitrogen). For each sample, 1µg of total RNA which corresponds to equal cell 

equivalents, was reverse transcribed using oligo dT primer which is specific for the 3’ 

end of mRNA. Equal volumes of the reverse transcription reactions were combined with 

SYBR Green PCR Master Mix (Applied Biosystems) and promers specific for either HA 

or M1. Quanitative PCR was carried out in a 7900HT machine (Applied Biosystem). CT 
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(Cycle Treshold) calculations were automated. The ΔCT was determined by subtracting 

the CT value obtained with 123/124 mutant virus infection. The efficiency of the promers 

was calculated using serial two-fold dilutions of a positive control and measuring the 

change in CT value. Calculation for the % of wild type was as follows eΔCTx100, where 

e=efficiency. Each sample was analyzed in triplicate. Results are shown as the average of 

duplicate experiments analyzed on the same day. Replicated experiments gave similar 

results.  

RESULTS 

Amino acid residues 123 to 127 of the NS1A protein are required for binding to 

PKR in vitro. 

 It has been shown that the binding of the NS1A protein to PKR is responsible for 

the inhibition of PKR activation mediated by either dsRNA or PACT in vitro (see 

Chapter III). To identify the specific binding site on NS1A protein, we first determined 

which region of the NS1A protein is required for the inhibition of PKR activation. We 

tested the inhibitory activities of a series of C-terminally truncated mutant NS1A proteins 

using in vitro PKR activation assays (Figure 4.1A). It has been shown that domain 3 of 

PACT, which does not bind dsRNA, is necessary and sufficient for activating PKR 

(Peters, 2003). A series of C-terminally truncated mutant NS1A proteins were added to 

the cell extract containing PKR and in the presence of the PACT domain 3 (PACT-D3) 

which served as a PKR activator. Activation of PKR was measured by its 

autophosphorylation. Without added PACT-D3, there is only a low level of  
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Figure 4.1 The N-terminal 1-150 amino acids of NS1A are sufficient for blocking 
PKR activation in vitro. (A) In vitro PKR activation assays were performed to test the 
NS1 deletion mutants for their ability to activate PKR as described in Materials and 
Methods. PKR was incubated with purified PACT-D3 as an activator in the absence of 
added protein (lane 2) or in the presence of the indicated purified GST-NS1A proteins. 1-
237, GST-NS1(1-237); 1-150, GST-NS1(1-150); 1-73, GST-NS1(1-73). (B) GST 
pulldown assays were performed to test the NS1 deletion mutants for their PKR binding. 
Same concentrations of GST proteins, 0.5 mg of purified GST (lane 1), 0.88 mg of 
purified NS1(1-237) (lane 2), 0.8 mg of purified NS1(1-175) (lane 3), 0.77 mg of purified 
NS1(1-150) (lane 4), 0.8mg of purified NS1(1-125) or 0.65 mg of purified NS1(1-73) 
(lane 6) was incubated with cell extracts containing FLAG-tagged PKR and then 
precipitated by using glutathione-Sepharose 4B. The FLAG-tagged PKR interacting with 
NS1 proteins were analyzed by Western blotting with FLAG antibody.  
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phosphorylation of PKR (Figure 4.1A, lane 1), which is increased upon addition of the 

PACT-D3 activator to the reaction mixture (lane 2). This activation is inhibited by adding 

1-237 and 1-150 GST-NS1A proteins (lane 3 and 4). However 1-73 GST-NS1A protein 

is not able to inhibit PKR activation (lane 5). These data indicate that the region between 

residues 73 and 150 of NS1A is required for inhibiting PKR activation in vitro, and  

provide confirmation that inhibition of PKR activation is not mediated by the RNA-

binding domain (1-73). We performed GST-pull down assays to identify the NS1A 

region needed for binding to PKR (Figure 4.1B). Consistent with the in vitro PKR 

activation assay results (Figure 4.1A), GST-NS1A proteins containing NS1A residues 1-

73 and 1-125 were not able to bind to PKR (lane 5 and 6), but NS1A containing residues 

1-150 was able to bind to PKR (lane 4), indicating that amino acids between 125 and 150 

are required for the binding to PKR in vitro.  

 To identify the specific amino acids in this region of NS1A that are required for 

the binding to PKR, we randomly generated alanine substitution mutants within this 

region (Figure 4.2A) and tested their ability to bind PKR using GST-pull down assay 

(Figure 4.2B). Substitution of amino acids I123 and M124 (123/124) or K126 and N127 

(126/127) resulted in an NS1A protein that was unable to bind to PKR (lane 3 and 4). 

These results further narrowed the PKR binding region to amino acids 123 to 127.  

 

A recombinant influenza A virus encoding a NS1A protein with a mutated site for 

PKR binding is not able to block the activation of PKR in infected cells 
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Figure 4.2 Amino acids 123-127 of NS1A is required for binding to PKR in vitro. (A) 
The amino acid sequence of the NS1A protein. Amino acids 116 to 134 of NS1A are 
represented in black-letter. Random mutations within this region is denoted in red-letter. 
(B) The NS1A binds to PKR through 123 to 127 amino acid residues. GST pulldown 
assays were performed to test the wt NS1 and its mutants for their PKR binding. 1ug of 
purified GST-NS1A protein was incubated with cell extract containing FLAG-tagged 
PKR protein in binding buffer containing glutathione-Sepharose 4B. After binding, the 
PKR protein constructs interacting with GST-NS1A protein were analyzed by Western 
blotting with FLAG antibody.117/118, GST-NS1A(117/118); 120/121, GST-
NS1A(120/121); 123/124, GST-NS1A(123/124); 126/127, GST-NS1A(126/127); 
130/131, GST-NS1A(130/131); 132/133, GST-NS1A(132/133); wt NS1, GST-NS1A(wt).  
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 In order to investigate the role of the PKR binding activity of the NS1 protein 

during influenza A virus infection, we generated recombinant influenza A/Udorn/72 

viruses that encode NS1A proteins containing a mutated binding site for PKR. Based on 

our in vitro results (Figure 4.2), we substituted alanines for amino acids I123 and M124 

(123/124 mutant) or K126 and M127 (126/127 mutant), and as a control we substituted 

alanines for amino acids D120 and Q121 (120/121 mutant). Using these plasmids  

encoding the PKR-binding deficient NS1A protein, 120/121, 123/124 and 126/127 

mutant viruses were generated using the 12 plasmids transfection system (Fodor 1999; 

Neumann et al. 1999; Takeda et al. 2002). All the genomic RNA segments of these 

mutant viruses were sequenced and the mutations in the NS1A coding region and the lack 

of mutations in any other segment were confirmed. We infected A549 cells at a 

multiplicity of infection (moi) of 5 plaque-forming units (PFU) per cell with wild-type or 

PKR-binding deficient mutants, and proteins from infected cells were analyzed by 

immunoblotting with antiserum directed against phosphorylated PKR (Figure 4.3). We 

hypothesized that if the NS1A protein inhibits PKR activation by binding to PKR through 

amino acid residues 123 to 127, then mutating those binding sites would result in the 

activation of PKR. In fact, this was the case: in both 123/124 and 126/127 mutant virus 

infected cells, but not in 120/121 mutant virus infected cells, phosphorylated PKR and 

substantially phosphorylated eIF-2α were observed (Figure 4.3. lane 4 and 5). These 

results confirmed our previous in vitro binding results (Figure 4.2B lane 3 and 4) and 

demonstrated that in the absence of PKR binding by NS1A, PKR is activated and eIF-2α 

is phosphorylated in influenza A virus infected cells. These results clearly showed that  
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Figure 4.3 The binding of PKR to amino acids 123-127 of the NS1A is necessary and 
does not require other factors for inhibiting PKR activation in vivo. PKR activation 
assay in A549 cells infected with wt, 120/121, 123/124, or 126/127 mutant viruses. A549 
cells were infected at a moi of 5, at 8hrs of post infection proteins were collected and 
equal amount of protein from each virus were analyzed by immunoblotting using an 
antiserum directed against phospho-PKR (Thr451) (Cell signaling), total PKR (Santa 
Cruze), and phospho-eIF2α (Ser 51) (Cell signaling).  
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NS1A binding to PKR through 123 to 127 residues of NS1A protein is necessary and 

does not require other factors for inhibiting PKR activation during infection.  

 

Viral protein synthesis is inhibited in cells infected with the 123/124 mutant virus at 

later time of infection. 

 PKR mediates its antiviral responses by blocking all protein synthesis including 

viral protein synthesis in infected cells. To determine if activation of PKR causes 

inhibition of viral protein synthesis in 123/124 mutant virus infected cells, we monitored 

protein synthesis during a single cycle of replication. A549 cells were infected at a moi of 

5 pfu/cell and the synthesis of virus-specific proteins in 123/124 mutant virus infected 

cells were measured by [35S]-methionine and cystein pulse labeling during 8 hours of 

postinfection (Figure 4.4). Pulse labeling data showed that in 123/124 mutant virus 

infected cells PKR activation results in inhibition of viral protein synthesis during later 

times of 123/124 mutant virus infection (Figure 4.4. lane 6 to 7). In cells infected with the 

123/124 mutant virus, a significant decrease in viral protein synthesis was detected at 6 to 

8 hours postinfection compared to 4 hours postinfection. Surprisingly, prior to this 

inhibition of viral protein synthesis at 6 hour post infection, a significant increase in viral 

protein synthesis was detected in cells infected with the 123/124 mutant virus compared 

to those infected with wild-type virus (Figure 4.4. compare lane 2 and 5). These data 

showed that the activation of PKR in 123/124 mutant virus infected cells causes the 

inhibition of influenza virus replication but also mutations in 123/124 residues results in 

enhancement in viral protein synthesis prior to PKR activation. These results indicate that  
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Figure 4.4 Viral protein synthesis is inhibited in 123/124 mutant virus infected cells 
at later time of infection. Viral protein synthesis in A549 cells infected with wt or 
123/124 mutant virus. A549 cells were infected at a moi of 5, and at the indicated times 
post-infection, cells were labeled for 30min with [35S]-Met+Cys, and the labeled 
proteins were electrophoresed on a 15% SDS-polyacrylamide gel.  
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this region of the NS1A protein might have dual functions which affect viral replication 

in the opposing ways.  

 

The enhanced translation of 123/124 mutant virus is caused by an increased rate of 

synthesis of viral mRNAs.  

 Because viral mRNA synthesis and viral protein synthesis are normally coupled 

during early times of influenza A virus infection (Hay 1977; Shapiro et al. 1987), it is 

possible that the increased rate of viral protein synthesis in 123/124 mutant virus infected 

cells at early times of infection is due to an increased synthesis of viral mRNAs. To 

determine whether the synthesis of virus specific mRNAs is enhanced in 123/124 mutant 

virus-infected cells, the amounts of the viral M1 and HA mRNAs were determined by 

quantitative RT-PCR at various times after infection of MDCK cells with 123/124 mutant 

or wt virus (Figure 4.5A). As early as 0.75 hours post-infection, the amounts of these 

viral mRNAs in 123/124 mutant virus infected cells were substantially greater than the 

amounts in wt virus-infected cells: the amounts of 123/124 mutant virus were 

approximately 2.5-3.5 fold higher than the amounts in wt virus infected cells. From 0.75 

to 2 hours post-infection the levels of viral mRNAs in 123/124 mutant virus infected cells 

increased further to approximately 4-6 fold of the levels in wt virus-infected cells (Figure 

4.5A). These results indicate that the increased viral protein synthesis at early times after 

infection with the 123/124 mutant virus is due to increased viral mRNA synthesis. After 3 

hours the relative abundance of viral mRNAs in 123/124 virus-infected cells decreased 

and by 4 hours the levels of viral mRNAs were only 0.5 to 2 fold of the levels in wt-virus  
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Figure 4.5 Increased viral mRNA synthesis causes enhanced viral replication in 
earlier time of 123/124 virus infection. (A) The time course of production of viral 
mRNAs in 123/124 mutant virus infected MDCK cells relative to the time course in wt 
virus-infected cells. MDCK cells were infected at a moi of 5 with wt or 123/124 mutant 
virus, and incubated for the indicated amount of times. 1µg of total RNA, which 
corresponds to equal cell equivalents, was analuzed by quantitative RT-PCR as described 
in Methods. The viral mRNA levels in 123/124 virus infected cells were calculated 
relative to the viral mRNA levels in wt virus-infected cells. (B) The viral mRNA levels in 
wt or 123/124 mutant virus infected cells were calculated relative to the viral mRNA 
levels of 4hrs time point in wt or 123/124 mutant virus-infected cells, respectively.  
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infected cells (Figure 4.5A). These results indicate that the increased viral protein 

synthesis at earlier times of infection in 123/124 mutant virus infected cells results from 

increased viral mRNA synthesis.  

 Because the inhibition of the viral protein synthesis was detected from 6 hours 

postinfection in the 123/124 mutant virus infected cells (Figure 4.4. lane 6 and 7), it is  

conceivable that the inhibition of viral protein synthesis in 123/124 mutant virus infected 

cells at later times of infection is due to decreased amounts of viral mRNAs rather than 

the activation of PKR. To determine whether the amounts of virus-specific mRNAs 

decreased after 6 hours in 123/124 mutant virus infected cells, the amounts of the viral 

M1 and HA mRNAs levels were determined relative to the mRNA levels of the 4 hour 

time point in wt or 123/124 mutant virus-infected cells, respectively (Figure 4.5B). In 

both 123/124 mutant virus and wt-virus infected cells, the relative levels of mRNAs at 6 

and 8 hours postinfection were similar to the levels of mRNAs at the 4 hour time point 

(approximately 0.8-0.9 fold of 4 hour time point in each virus). Therefore the inhibition 

of viral protein synthesis at later times of infection in the 123/124 mutant virus infected 

cells is not due to a decrease in viral mRNAs abundance. 

 Taken together, these data suggest that amino acids 123-127 of the NS1A protein 

are required for blocking activation of PKR during influenza A virus infection, but also 

involved in virus specific mRNA synthesis, because mutation of these amino acids leads 

to an enhancement of virus-specific mRNA synthesis. 

 

The dual phenotypes of the 123/124 mutant virus compensate each other. 
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Figure 4.6 The amino acids 123/124 of NS1A mediate dual functions that neutralize 
each other. (A) Plaques formed by wild type (wt) and 123/124 mutant virus in MDCK 
cells. (B) Multiple cycle growth curve of wild type (wt) and 123/124 mutant viruses in 
MDCK cells. MDCK cells were infected at a moi of 0.001 and virus production was 
measured by plaque assay in MDCK cells. 
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 We next determined whether the mutation in 123 and 124 residues of the NS1A 

protein affect virus replication during multiple cycles of virus growth. To address this we 

compared the plaque size of wt virus and the 123/124 mutant virus (Figure 4.6A), and 

measured the relative rates of replication of these two viruses during multiple cycle 

growth in MDCK cells (Figure 4.6B). MDCK cells were infected at a moi of 0.001, and  

the amount of virus produced was determined by plaque assay. The plaque size of the 

123/124 mutant virus is essentially indistinguishable from wt virus plaques. Virus 

replication rate of the wt and 123/124 mutant virus are also very similar. Consequently, 

the enhancement of virus-specific mRNA synthesis resulting from the 123/124 mutation 

compensates for the inhibitory effect of PKR activation in infected cells by allowing the 

virus to replicate rapidly at times prior to PKR activation. 

 

Inhibition of viral protein synthesis occurs only in the presence of PKR. 

 A cell line that is lacks in PKR expression was utilized to determine whether the 

activation of PKR was the only reason for the inhibition of viral protein synthesis at late 

times of infection with the 123/124 mutant virus. For these experiments, wt and PKR 

knockout (ko) mouse embryonic fibroblast (MEFs) were infected with wt or 123/124 

mutant virus at a moi of 5 pfu/cell and protein synthesis was measured by pulse-labeling 

(Figure 4.7). The inhibition of viral protein synthesis which occurs in wt MEFs after 4 

hours post-infection (lane 8 and 9) did not occur in PKR ko MEFs (lane 15 and 16), 

demonstrating the activation of PKR is solely responsible for the inhibition of viral 

protein synthesis during 123/124 mutant virus infection. In addition, the rate of protein  
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Figure 4.7 Inhibition of viral protein synthesis is caused by PKR activation. Viral 
protein synthesis in PKR wt and PKR ko MEFs (kindly provided by Williams) infected 
with wild type or 123/124 mutant virus. PKR wt and PKR ko MEFs were infected at a 
moi of 5, and at the indicated times post-infection, cells were labeled for 30 min with 
[35S] methionine+cystein, and the labeled proteins were electrophoresed on a 15% SDS-
polyacrylamide gel.  
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synthesis in 123/124 mutant virus-infected cells was enhanced relative to that in wild-

type at all time points in PKR ko MEFs (compare lane 14-16 to lane 11-13) 

demonstrating that this phenotype is maintained in the absence of PKR. 

 

DISCUSSION 

 

 In the present study we demonstrated that PKR binds to amino acids 123 to 127 of 

the NS1A protein and that this binding is necessary and does not require other factors for 

inhibiting PKR activation in influenza A virus infected cells (Figure 4.3). It has been 

shown that the dsRNA-binding activity of the NS1A protein is not needed for blocking 

PKR activation (Chapter II). Also the activation of PKR occurs in 123/124 mutant virus 

infected cells where the previously suggested activation of the cellular inhibitor of PKR, 

p58IPK does not affected (Figure 4.3) (Lu et al., 1995; Melville et al., 1997; Tan, Gale, 

and Katze, 1998). This clearly established the mechanism of NS1A-mediated inhibition 

of PKR in influenza A virus infected cells.  

 Surprisingly the mutation in the PKR binding site on NS1A protein also resulted 

in an enhancement in virus replication and virus specific mRNA synthesis at early time of 

infection (Figure 4.5). Our results show that virus-specific RNA synthesis is dramatically 

enhanced, principally at early times after infection, when the infecting influenza 

A/Udorn/72 virus encodes a NS1A protein with alanine substitutions at the amino acid 

residues I123 and M124. This finding strongly suggest that the NS1A protein has a 

functional interaction with the viral RNA polymerase, and that mutations at 123 and 124 
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residues of the NS1A protein alters this functional interaction to cause an enhancement in 

the activity of the polymerase. Previous studies have established that the NS1 and NP 

proteins are preferentially synthesized at early times after infection (Smith and Hay 1982; 

Shapiro et al. 1987; Krug et al. 1989). This finding was interpreted as indicating that 

these two viral proteins might play a role in virus-specific RNA synthesis, which was 

subsequently verified for the NP protein (Beaton and Krug 1986). In fact, experimental 

evidence suggesting a functional interaction between the NS1A protein and the viral 

polymerase has been obtained (Scholtissek and Spring 1982; Shimizu et al. 1994; Marion 

et al. 1997; Falcon et al. 2004). Our results indicate that the NS1 protein made at early 

times may play an important function in critical early steps in virus-specific RNA 

synthesis. Nonetheless, further in vitro assays using purified protein are needed to unravel 

the mechanism of enhanced replication in 123/124 mutant virus infected cells. 

 As a result of the dual functions, namely the activation of PKR and the 

enhancement in virus-specific RNA synthesis, the 123/124 mutant virus replication rate is 

very similar to that of wt virus in multiple cycle growth (Figure 4.6). Considering the size 

of the viral RNA polymerase and PKR, amino acid residues 123-127 of the NS1A might 

not be the entire region that is required for the interaction with these two proteins. 

Therefore further study is needed to identify the full region that is involved in these 

interactions. 
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