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Influenza A viruses, one of the four influenza virus genera, are responsible for the
human pandemics that have caused high mortality rates, and the highly pathogenic virus
transmitted directly from chickens to humans in 1997 is an influenza A virus. It has been
shown previously that influenza A viruses, like many mammalian viruses induce the
interferon-α/β (IFN-α/β)-independent activation of interferon regulatory factor-3 (IRF-3)
and transcription of some IFN-α/β–stimulated response element (ISRE)-controlled
cellular genes. This cellular defense against virus infection takes place prior to the
synthesis of IFN-α/β. In addition, influenza A viruses are unique in that their
nonstructural protein (NS1A protein) inhibits the posttranscriptional processing of these
cellular antiviral pre-mRNAs. The NS1A protein contains two functional domains: an
RNA-binding/dimerization domain at the amino terminus and an effector domain in the
carboxyl half. The effector domain physically associates with two essential components
of the machinery of the 3′ end processing of cellular pre-mRNAs: the 30kDa subunit of

vi

the cleavage and polyadenylation specificity factor (CPSF) and poly(A)-binding protein
(PABII). The consequent inhibition of CPSF and PABII function inhibits the 3′ end
processing of cellular pre-mRNAs in virus-infected cells, and as a result, cellular premRNAs are not cleaved and nuclear export of mature mRNAs is inhibited. This action of
the NS1A protein also inhibits the production of IFN-β mRNA. Binding of CPSF30 to
NS1A is mediated by two of its zinc finger domains, F2 and F3, and the CPSF30/F2F3
binding site on the NS1A protein extending from amino acid 144 to 186. We generated
MDCK cells that constitutively express epitope-tagged F2F3, and showed that influenza
A virus replication was selectively inhibited in this cell line. Influenza A virus induced
increased production of IFN-β mRNA in the F2F3-expressing cells. These results, which
indicate that F2F3 inhibits influenza A virus replication by blocking the binding of
endogenous CPSF30 to the NS1A protein, point to this NS1A binding site as a potential
target for the development of antivirals directed against influenza A virus. Moreover, we
found the NS1A protein encoded by HK/483/97, the initial H5N1 virus that was
transmitted from chicken to human in 1997, does not inhibit posttranscriptional
processing of cellular pre-mRNAs. As a consequence, a chimeric Udorn/H5N1 virus that
contains only the NS gene from A/HK/483/97 virus induced the production of a high
level of IFN-β mRNA and was highly attenuated. In contrast, the NS1A protein encoded
by the pathogenic H5N1 virus isolated in 2004 inhibited pre-mRNA processing, resulting
in decreased production of IFN-β mRNA. These results demonstrate that the NS1A
protein in H5N1 viruses acquired a function between 1997 and 2004 that enhances virus
replication in mammalian cells.
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Chapter 1: Overview of influenza A virus
1.1 Influenza Virus
Influenza viruses are members of the virus family Orthomyxoviridae. They are
enveloped, negative-stranded RNA viruses whose genome consists of eight RNA
segments (Figure 1.1). Based on the antigenic differences between their nucleocapsid
(NP) and viral matrix (M1) proteins, influenza viruses are divided into four groups:
influenza A, B, C, and Thogotovirus which is little known about the genus. Influenza A
and B are more similar to each other than to C. Although all three groups of influenza
viruses are found in human, only groups A and B have been associated with severe
epidemics and only group A can cause pandemics through antigenic shift (Lamb and
Krug 2001). Influenza A viruses are further divided into subtypes according to their
hemagglutinin (H1-H15 subtypes) and neuraminidase (N1-N9 subtypes) genes. Only
three HA subtypes (H1, H2, H3) and two NA subtypes (N1, N2) have thus far caused
human epidemics (Julkunen et al. 2001). Most of our present knowledge about influenza
viruses comes from studies of influenza A viruses.
1.1.1 The virion structure and genome of the influenza virus
Influenza A virus is an enveloped virus with eight single-stranded genomic RNA
segments encoding eleven proteins (Figure 1.1). The biphospholipid envelop of the
influenza virus is derived from the plasma membrane of host cells during viral particle
budding. Three distinct viral proteins, hemagglutinin (HA), neuraminidase (NA), and ion
channel protein (M2), are inserted into the envelope forming a layer of spikes projecting
outward. These proteins are encoded by segments 4, 6, and 7, respectively (Figure 1.2).
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Figure 1.1: A schematic diagram of the structure of the influenza A virus particle,
indicating the location of the viral envelope, virion proteins, and the eight genomic RNA
segments. The NS1A protein is found only in infected cells, and not in virions. Modified
from Noah and Krug 2005.
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Figure 1.2: The outer and inner surface proteins of influenza virus. Three types of
integral membrane protein- haemagglutinin (HA), neuraminidase (NA), and small
amounts of the M2 ion channel protein- are inserted through the lipid bilayer of the viral
membrane. The virion matrix protein M1 is thought to underlie the lipid bilayer but also
to interact with the helical ribonucleoproteins (RNPs). Adapted from http://wwwmicro.msb.le.ac.uk/3035/Orthomyxoviruses.html
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Both HA and NA proteins are glycoproteins and both are attached to the viral
membrane by short sequences of hydrophobic amino acids. The three integral membrane
proteins play distinct roles in the life cycle of influenza viruses. HA is responsible for
attachment of the virus to the host cell by binding to sialic acid-containing receptors on
the host cell surface taken into cells by resceptor-mediated endocytosis. After exposure to
low pH in the endosome, HA undergoes a dramatic conformational change to drive
fusion of the viral and endosomal membranes, and viral entry ensues (Bullough et al.
1994; Skehel and Wiley 1998; Stegmann et al. 1989). The M2 ion channel protein
operates while the virus is in the endosome. It pumps hydrogen ions (H+) into the virus
particle and decreases the pH in the virion which is essential for virus uncoating and the
later migration of viral core ribonucleoprotein complex (RNPs) into the nucleus
(Helenius 1992; Figure 1.3). The function of NA is to remove sialic acid from
glycoproteins on progeny virus particles and host cell receptors and thus facilitates virus
release from infected cells (Lamb and Krug 2001).
Beneath the phospholipid envelop of influenza virion is a layer of matrix protein
(M1 protein), which is the most abundant structural protein of the influenza virus. M1
protein is encoded by segment 7 which also gives rise to M2 protein as a result of
alternative splicing. M1 is thought to interact with most viral components and serves
multiple structural and regulatory functions. First, M1 mediates the encapsidation of the
viral ribonucleoprotein complex (RNPs) into the viral envelope by its membrane- and
RNP- binding activity. Second, M1 plays a key role in RNPs transportation at different
stages of viral infection. While dissociation of M1 from influenza RNPs allows RNPs to
be transported to the nucleus (Martin and Helenius 1991; Helenius 1992), transport of M1
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Figure 1.3: The molecular mechanism of the action of M1 and M2 protein of influenza
virus. The M1 protein serves multiple functions in the regulation of the viral
ribonucleoprotein complex (RNPs) activity. The M2 ion channel protein can pump
hydrogen ions (H+) into the virus particle and it is essential for virus uncoating and later
migration of viral RNPs into the nucleus. Adapted from http://www.md.ucl.ac.be/chairefrancqui/slides/ 27-03-03/sld012.htm
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proteins into the nucleus is required for the nuclear export of newly synthesized RNPs
after genome replication occurs. Finally, M1 can directly interact with the influenza
polymerase and inhibit its transcription activity (Watanabe et al. 1996).
Inside the influenza virion lie the RNPs which are composed of viral RNA and
four viral proteins, namely PA, PB1, PB2 and NP. PB2, PB1 and PA together form a
heterotrimeric influenza RNA polymerase. They are encoded by the three largest RNA
segments, segment 1, 2, and 3 respectively. The fourth protein, NP protein which is
encoded by segment 5, is a non-specific single stranded RNA (ssRNA) binding protein
interacting with the virion RNA in 20 nucleotide intervals throughout the entire length
(Rochovansky 1976; Baudin et al. 1994). The function of the NP protein is to encapsulate
the virus genome for the purpose of RNA transcription, replication and packaging by
melting of the RNA secondary structures and exposing bases to the environment (Portela
and Digard 2002; Klumpp et al. 1997). A number of lines of experiments have
demonstrated that the three P proteins and NP proteins are the minimum combination
which is required for influenza virus genome replication and RNA transcription (Huang
et al. 1990; Figure 1.4).
The two remaining viral proteins, NS1 and NS2, are both produced from segment
8 by alternative splicing. Both the NS1 protein and the NS2 protein are the nonstructural
protein. The NS1 is found only in infected cells, but small amounts of NS2 are present in
purified virions. However, they are critical for viral growth in infected cells because of
their regulatory functions (Lamb and Krug 2001). The NS2 protein is involved in
facilitating

the

transportation of newly synthesized viral RNPs

from nucleus to

cytoplasm (O'Neill et al. 1998; Neumann et al. 2000). The NS1 protein plays an

6

Figure 1.4: Structural organization of influenza virus RNPs. Cartoon model of RNP
organization. Blue spheres represent NP monomers with associated vRNA molecule
(black line). The single-stranded vRNA is coiled into a hairpin structure with a short
region of duplex (formed between the 5′ and the 3′ ends) which forms the binding site for
the heterotrimeric RNA-dependent RNA polymerase. Adapted from http://wwwmicro.msb.le.ac.uk/3035/Orthomyxoviruses.html
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important role in countering host cell antiviral defenses (Garcia-Sastre 2001; Krug et al.
2003), and has been proposed to be critical contributor to viral virulence (Horimoto and
Kawaoka 2005; Noah and Krug 2005). Underlying the biological activity of the NS1
protein is both protein-RNA and multiple protein-protein interactions provided by distinct
NS1A sequences (Noah et al. 2003). With these diverse interactions, NS1 has been found
to dismantle the host defense by a combination of means: 1) inhibition of the cellular premRNA 3′ end processing by binding to the 30kD subunit of the cleavage and
polyadenylation specificity factor (CPSF) and poly(A)-binding protein (PABII) (Qiu et al.
1995; Lu et al. 1994; Nemeroff et al. 1998; Chen et al. 1999; Figure 1.5); 2) inhibition of
protein kinase PKR activation, thereby preventing the inhibition of host cell translation
(Lu et al. 1995; Hatada et al. 1999). 3) Inhibition of the viral and dsRNA-induced stress
response signaling pathway by blocking the activation of Jun-N-terminal kinase as well
as AP-1 transcription factors (Ludwig et al. 2002). Recent studies have begun to reshape
our thinking of the actual mechanisms of these actions of NS1A. For example, it has been
long believed that the dsRNA binding activity of the NS1A protein is responsible for the
inhibition of the activation of PKR kinase. However, our laboratory has recently shown
that sequestering of dsRNA by the NS1A protein is not the mechanism by which the PKR
activation is inhibited during influenza A virus infection, and the primary role of NS1A
dsRNA-binding activity is instead to provide protection against host defense by inhibiting
the interferon-α/β (IFN-α/β) induced 2′-5′-oligo (A) synthetase (2′-5′-OAS)/RNase L
pathway (Min and Krug 2006).

8

Figure 1.5: Two-pronged mechanism by which NS1A inhibits the cellular 3′ end
processing system in influenza-virus-infected cells. Pathway I: The binding of the NS1
protein to the 30kDa subunit of CPSF blocks the CPSF binding to the AAUAAA
sequence of some cellular pre-mRNA molecules, thereby blocking 3′ cleavage premRNAs. The uncleaved pre-mRNAs remain in the nucleus. Pathway II: CPSF binds to
the AAUAAA sequence of other cellular pre-mRNA molecules, despite the binding of
the NS1A protein to the 30kDa CPSF subunit. A short poly(A) sequence is then added to
these cleaved pre-mRNAs by PAP in a CPSF-dependent reaction. Subsequent elongation
of the short poly(A) sequence is blocked by the binding of the NS1A protein to the PABII
protein, resulting in the nuclear accumulation of cleaved pre-mRNAs containing short
poly(A) tail. The newly synthesized pre-mRNAs sequestered in the nucleus are cleaved
by the viral cap-dependent endonuclease to produce the primers required for viral
mRNAs synthesis. The 3′ terminal poly(A) sequence on viral mRNAs is produced by the
viral transcriptase and the poly(A)-containing viral mRNAs are exported from the
nucleus. Adapted from Chen and Krug 2000.

9

1.1.2 Influenza A vs. B viruses
Although influenza A and B viruses share several properties including
morphology, virion structure, gene expression and encoded protein functions (Lamb and
Choppin 1983), there are also some significant differences between these two types of
influenza viruses.
First, influenza A viruses can naturally infect a wide variety of avian species,
humans and several other mammalian species like swine and horses. Indeed, wild aquatic
birds are thought to be the reservoir for all the influenza A viruses that infect avian and
mammalian species. In contrast, influenza B viruses are almost entirely limited to
infecting humans, although influenza B virus has recently been observed in seals
(Osterhaus et al. 2000).
Second, the surface glycoproteins, HA and NA, of influenza A viruses exhibit
much greater amino acid sequence variability than their counterparts in influenza B
viruses (Lamb and Krug 2001). This characteristic arises primarily from antigenic shift
and underlies the fact that all three human influenza pandemics resulting in high
mortality rates that occurred in the twentieth century were all caused by influenza A
viruses.
Third, despite the overall similar genome organization, influenza A and B virus
have significant difference in both coding strategy and functions of specific viral proteins.
Segment 6 encodes only the NA protein in influenza A virus, but it encodes an additional
protein (NB) of unknown function in influenza B virus. In influenza B virus-infected
cells, the molar ratio of NB to NA proteins accumulated has been determined as 0.6:1
(Shaw et al. 1983; Williams and Lamb 1989). Another major difference between
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influenza A and B virus is exhibited with segment 7. In influenza A virus, segment 7
encodes both the M1 and M2 proteins by alternative splicing. The collinear transcript
produces M1 protein, while a spliced mRNA produces M2 protein. In influenza B virus,
this alternative splicing does not occur. Instead, the segment 7 is transcribed into a
bicistronic mRNA encoding two proteins, M1 and BM2 protein. The actual function of
BM2 is still unclear (Horvath et al. 1990).
Finally, the NS1 protein in influenza A virus has been shown to inhibit 3′ end
processing, resulting in the inhibition of nuclear export of mature cellular mRNAs,
whereas its counterpart in influenza B virus, NS1B proteins, does not possess these
functions (Wang and Krug 1996).
1.1.3 Replication of influenza virus
Influenza viruses enter cells by binding to sialic acid residues present on cell
surface glycoproteins or glycolipids via the receptor-binding site in the distal tip of the
HA molecules in a process called receptor-mediated endocytosis (Ruigrok et al. 1989).
Following internalization, coated vesicles fuse with endosomes mediated by acidic pH
changes, and RNP complexes are dissociated from M1 proteins and liberated to the
cytoplasm. RNPs are then transported to the nucleus through the nuclear pore for viral
replication and transcription (Martin and Helenius 1991). At the end of the infectious
cycle, the newly assembled RNPs are exported to the cytoplasm and integrated into the
progeny virions which eventually release from the cell surface through budding (Figure
1.6).
Influenza viruses use the unique “cap-snatching” process for the initiation of viral
mRNAs synthesis (Figure 1.7). The viral polymerase in the nucleus via its cap-dependent

11

Figure 1.6: A schematic diagram of the life cycle of influenza virus. See text for details
of the model. Adapted from Lamb and Krug 2001.
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Figure 1.7: “Cap-snatching” by the influenza viral polymerase. The viral polymerase is
incapable of initiating viral mRNA synthesis unless a primer is supplied; cellular premRNAs and mRNAs in the nucleus of infected cells are “cannibalized” to supply these
primers. Adapted from Chen and Krug 2000.
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endonuclease activity, cleaves capped (m7GpppNm-containing) RNA fragments
containing 10-13 nucleotides from 5′ end of cellular pre-mRNAs. These capped RNA
fragments subsequently serves as primers for initiation of viral mRNA synthesis (Bouloy
et al. 1978; Plotch et al. 1981). Viral mRNA chains are then elongated until reaching a
stretch of 5-7 uridine residues located 15-22 nucleotides upstream the 5′ ends of the
vRNA templates. Viral mRNA synthesis is terminated after reiterative copying of these
uridines by the virus polymerase to synthesize the 3′ poly (A) tail of viral mRNAs
(Pritlove et al. 1998; Luo et al. 1991; Poon et al. 1999). The viral polymerase is
reponsible for not only viral mRNA synthesis but also replication of vRNAs which also
occurs in nucleus (Krug et al. 1989). The replication of vRNAs proceeds through two
steps: first, vRNAs are used as templates to synthesize full length complementary RNAs
(cRNAs); second, the full-length cRNAs are used as the templates for synthesizing
progeny vRNAs. Both steps are presumably initiated de novo, without a primer. The first
step in replication requires viral NP proteins for antitermination at the poly (U) stretch.
However, it has not been determined what triggers the switch of influenza viral
polymerase activity from capped RNA-primed transcription to umprimed RNA
replication.
Viral gene expression is regulated differently at different stages of the infectious
cycle. During the early stage of viral infection, the synthesis of vRNAs, viral mRNAs,
and viral proteins are coupled (Shapiro et al. 1987; Smith and Hay 1982), but this
coupled regulation later disappears. As a consequence, viral gene expression exhibits two
distinct phases. In the early phase, the synthesis rates of both viral mRNA and vRNA
increase simultaneously; the late phase is defined by a decrease in the rate of viral

14

mRNAs synthesis while the synthesis of all vRNAs still remain near the maximum
during this entire period (Shapiro and Krug 1988). Although it is still unclear how the
influenza viral polymerase activity switches from capped RNA-primed mRNA
transcription to umprimed RNA replication, the NP protein seems to play a critical role in
this process. Specifically, it has been established that NP proteins not associated with
nucleocapsids are required for the specific encapsidation of vRNAs and cRNAs but not
mRNAs (Hay et al. 1977). Furthermore, the function of the free NP proteins is required
for: 1) antitermination at poly (U) stretch as part of the switch from mRNA to full-length
cRNA synthesis (Beaton and Krug 1986), and 2) synthesis of vRNAs from cRNA
templates (Shapiro and Krug 1988). Considering the diverse functions of different viral
proteins in regulating polymerase activity, a working model has been proposed. A
significant part of the replication control system for the influenza virus in infected cells is
driven by the preferential early synthesis of the NP and NS1 proteins and delayed
synthesis of the M1 protein. These preferential protein syntheses would accelerate the
virus replication, because one function of the NS1 protein is to inhibit the maturation of
cellular pre-mRNAs, and M1 protein is a negative regulator of viral mRNA transcription
as described above.
1.1.4 Functions of the NS1A protein of influenza virus
Encoded by the smallest genomic RNA segment, the NS1 protein has a molecular
weight of approximately 26kD. The actual length of NS1 protein varies between different
influenza A viruses, ranging from 202 to 237 amino acid residues. NS1 protein is called a
nonstructural protein because it is synthesized in infected cells but not incorporated into
virion (Lazarowitz et al. 1971). NS1 protein contains two functional domains as

15

originally identified by mutational analysis: an RNA binding domain at the N-terminus,
and an effector domain spanning the carboxyl two-thirds (Qian et al. 1994).
The dsRNA-binding domain of the NS1 protein is comprised of the 73 aminoterminal amino acids and forms a symmetric homodimer with a unique six-helical chain
fold (Qian et al. 1995; Chien et al. 1997; Liu et al. 1997). This structure differs from that
of the predominant class of dsRNA-binding domains, termed dsRBDs, which are found
in a large number of cellular proteins (Nanduri et al. 1998; Ryter and Schultz 1998;
Ramos et al. 2000). Because the NS1 dsRNA-binding domain has a much lower affinity
of dsRNA than cellular dsRBDs (Wang et al. 1999; Chien et al. 2004; McCormack and
Samuel 1995; Tian and Mathews 2001), it has not been clear that the NS1 protein would
effectively compete for dsRNA with dsRBD-containing cellular proteins during virus
infection.
Previous studies of the function of NS1A RNA binding domain has indicated that
this domain is required for dimerization of the protein and might act in sequestering viral
dsRNA away from the endogenous cellular PKR kinase (Nemeroff et al. 1995; Lu et al.
1995; Bergmann et al. 2000). Although it is well established that the activation of PKR
kinase does not occur in influenza-infected cells, the evidence for the role of NS1A
dsRNA binding activity are limited and indirect. In fact, our laboratory has recently
shown that the latent protein kinase PKR remains inactivated in cells infected with a
recombinant influenza A/Udorn/72 virus expressing a NS1 protein lacking dsRNAbinding activity (Li et al. 2006), demonstrating that sequestering of dsRNA by the NS1
protein is not the mechanism by which PKR activation is inhibited during influenza A
virus infection. Instead, the dsRNA-binding activity of the NS1 protein provides
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protection primarily by sequestering dsRNA away from 2′-5′ OAS (Min and Krug 2006).
Consequently, the dsRNA-binding activity of the NS1 protein is responsible for rendering
influenza A virus resistant to the antiviral activity of the IFN- induced 2′-5′ OAS/ RNase
L pathway (Min and Krug 2006).
The second domain of NS1A, the effector domain, extends from the end of the
RNA-binding domain to the carboxyl terminal amino acids (Qian et al. 1994; Chen and
Krug 2000). The effector domain binds to and inhibits the functions of two cellular
proteins which are required for the 3′ end processing of the cellular pre-mRNAs: the
30kD subunit of the cleavage and polyadenylation specificity factor (CPSF), and poly
(A)- binding protein II (PABII) (Chen et al. 1999; Figure 1.8).
In the 3′ end processing machinery, the CPSF factor recognizes and binds to the
AAUAAA poly (A) signal, which is required for both cleavage and polyadenylation of
cellular pre-mRNAs (Colgan and Manley 1997; Figure 1.9). Binding of the viral NS1
protein to the 30kD subunit prevents CPSF binding to the pre-mRNAs and thus inhibits
3′ end cleavage and polyadenylation, resulting in the uncleaved pre-mRNAs retained in
the nucleus (Nemeroff et al. 1998). Furthermore, in vitro studies have found that the NS1
protein inhibits the function of PABII to stimulate the synthesis of long poly (A) tails
catalyzed by poly (A) polymerase (PAP) (Barabino and Keller 1999; Wahle and Kuhn
1997; Chen et al. 1999). Such inhibition also occurs in influenza A virus-infected cells,
where the NS1 protein causes the nuclear accumulation of cellular pre-mRNA containing
short poly (A) tails of approximately 12 nulceotides via its effector domain. Thus, the
NS1 protein uses dual mechanisms to guarantee efficient blocking of 3′-end processing of
cellular pre-mRNA. Consequently, cellular capped mRNAs would remain in the
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Figure 1.8: The binding sites of the cellular RNA processing factors on the NS1A
protein. Amino acid residue numbers are denoted.
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Figure 1.9: 3′ end processing machinery. The CPSF factor recognizes and binds to the
AAUAAA poly (A) signal, which is required for both cleavage and polyadenylation of
cellular pre-mRNAs. The function of PABII is to stimulate the synthesis of long poly (A)
tails catalyzed by poly (A) polymerase (PAP).
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nucleus after influenza A virus infection and would be more accessible to the viral capdependent endonuclease for the production of the capped RNA primers needed for viral
mRNA synthesis (Krug et al. 1989). After losing their 5′ caps, all of the sequestered
cellular RNAs would be completely degraded eventually (Katze and Krug 1984). The
influenza viral polymerase has its own machinery to add poly (A) tails on viral mRNAs
so that 3′ end processing of viral mRNAs and subsequent nuclear export is not inhibited
by the NS1A protein.
1.2 Antiviral defense mechanism
There are several anti-viral genes activated in mammalian cells infected with
influenza A virus. During the initial response, virus infection directly activates the
transcription of a subset of genes. This is the first battle infected cells wage against virus
replication. This immediate cellular antiviral response is not triggered by interferon
(IFN)-α/β and does not require viral protein synthesis (Boyle et al. 1999; Chin and
Cresswell 2001; Daly and Reich 1993; Daly and Reich 1995; Guo et al. 2000a; Iwamura
et al. 2001; Kim et al. 2002; Navarro et al. 1998; Preston et al. 2001; Simmen et al. 2001;
Wathelet et al. 1998; Yoneyama et al. 1998; Zhu et al. 1997). Instead it depends on the
activation of two transcription factors, interferon regulatory factor-3 (IRF-3) and IRF-7
genes. Activated IRF-3 and IRF-7 can induce transcription of subsets of cellular antiviral
genes, for example: p56, ISG15, and 2′-5′-OAS. Influenza virus infection also results in
the production of antiviral cytokine- type I interferon including IFN-α and IFN-β, which
occurs within a few hours after infection (Figure 1.10). Secreted IFN-α/β may not provide
much protection for 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
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Figure 1.10: Influenza A virus NS1A protein counters the production of IFN-β mRNA.
The NS1A protein inhibits the cellular 3′ end processing of pre-mRNAs, including IFN-β
mRNA via binding 30kDa subunit of CPSF and PABII. Modified from Krug et al 2003.
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IFN-α/β is to protect neighboring uninfected cells, thereby inhibiting virus spread.
Thereby, IFN production is the second battle for host defenses against virus infection.
1.2.1 IFN-independent early cellular antiviral response
The initial viral infection can activate a subset of antiviral genes prior to
involvement of IFN. The IFN-independence of this response has been proven using cell
lines which either can not synthesize type I IFNs or do not respond to them. Extensive
studies have revealed the critical role of two transcription factors, interferon regulatory
factor-3 (IRF-3) and interferon regulatory factor-7 (IRF-7), in this early activation of
gene expression. IRF-3 and IRF-7 are activated after infection with several different
viruses, including DNA viruses (e.g., human cytomegalovirus, herpes simplex virus-1)
and RNA viruses (e.g., Sendai virus, Newcastle disease virus) (Navarro et al. 1998;
Yoneyama et al. 1998; Wathelet et al. 1998; Preston et al. 2001; Kim et al. 2002). The
constantly expressed IRF3 protein becomes phosphorylated and is translocated from the
cytoplasm to the nucleus (Yoneyama et al. 1998; Suhara et al. 2000); whereas, the IRF-7
protein, which is undetectable in normal cells, is induced, followed by activation by
phosphorylation (Marie et al. 2000). After entering the nucleus, the activated IRF-3
and/or IRF-7 combine with the transcriptional coactivators p300 and CREB-binding
protein (CBP) to form a transcriptional complex named virus-activated factor (VAF) that
binds to the promoters of particular cellular genes through recognition of specific DNA
element called ISREs, thereby inducing their transcription (Kim et al. 2002; Navarro et al.
1998; Preston et al. 2001; Wathelet et al. 1998; Weaver et al. 1998 ; Yoneyama et al.
1998; Parekh and Maniatis 1999; Hiscott et al. 1999; Au et al. 1995). These cellular
transcripts induced by VAF complex are processed to form mature mRNAs (Zhu et al.
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1997; Boyle et al. 1999; Simmen et al. 2001), and some of them encode antiviral proteins
that can protect initially infected cells against virus replication (Boyle et al. 1999; Chin
and Cresswell 2001; Kim et al. 2002; Simmen et al. 2001), constituting the early IFNα/β-independent antiviral response of cells. Viruses can be presumed to mount
countermeasures against such responses to allow the virus to replicate (Chin and
Cresswell 2001).
Furthermore, the early antiviral response produces the initiator of the later
antiviral programming- IFN-α/β cytokines by activating their transcription (Biron and
Sen 2001). The activation of transcription of IFN-α/β occurs when transcription factors
are assembled on its promoter to form a functional complex called the enhancesome.
Besides the IRF-3 and IRF-7 proteins as described above, the IFN-α/β enhancesome also
contains a heterodimer of c-jun and ATF-2, a heterodimer of NF-κB, p50 and p65, and
two molecules of the high-mobility-group protein I (Y) (Thanos and Maniatis 1992;
Maniatis et al. 1998; Yie et al. 1999). In the initially infected cells, the newly synthesized
IFN-α/β protein molecules are secreted and bind to the extracellular domains of specific
cell surface receptors to establish an antiviral state via the activation of several
transcription factors (Biron and Sen 2001).
1.2.2 Interferon-β and IFN-α/β signaling pathway
IFN-β is a member of a large family of proteins that inhibit or interfere with viral
replication (Vilcek et al. 1996). It can be induced in almost any cell type by different
factors including lipopolysacharide (LPS), tumor necrosis factor (TNF)-α, double
stranded RNA, and viral infection. The synthesis of IFN-β is regulated at both
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transcriptional and posttranscriptional level. The transcriptional regulation is controlled
as described above (Vilcek et al. 1996). The posttranscriptional regulation is through
sequences in the 3′-untranslated region of IFN-β mRNA that confer mRNA instability
(Kruys et al. 1988; Peppel et al. 1991).
The IFN- β-dependent signaling pathway consists of multiple steps (Darnell et al.
1994; Levy and Darnell 1990). First, IFN-β recognizes and binds to its receptor on the
cell surface, namely IFNAR (Mogensen et al. 1999). IFNAR is composed of subunits
IFNAR1 and IFNAR2 and also serves as the receptor for IFN-α. This binding leads to
the initiation of a tyrosine phosphorylation cascade: JAK1 tyrosine kinase is recruited to
IFNAR2, thereby phosphorylating and activating Tyk2, another tyrosine kinase which is
associated with IFNAR1 (Gauzzi et al. 1996). Tyk2 can cross-phosphorylate JAK1 to
activate it further, and the activated JAK1 and Tyk2 then catalyze the phosphorylation of
two transcription factors- STAT1 and STAT2 (Yeh and Pellegrini 1999). As a
consequence, phosphorylated STAT1 and STAT2 form a heterodimer which is
translocated to the nucleus, where it is associated with another transcription regulator,
namely p48/IRF9, to form the ISGF-3 complex (Levy et al. 1989). The ISGF-3 complex
recognizes specific DNA sequences named ISREs present in the promoters of multiple
genes, thereby inducing their transcription. Specifically, ISRE is composed of direct
repeats of the sequence TTTC spaced by two nucleotides. Some ISRE-contained genes
can be activated by both VAF and ISGF-3, while others only by ISGF-3. Thus, through a
cascade of cellular signaling and transcriptional regulation, IFN-β treatment induces
expression of hundreds of genes, collectively termed the interferon-stimulate genes
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(ISGs), and it is the combined functions of many ISGs to mediate the antiviral effects of
the interferon.
1.2.3 Products of ISRE-containing genes
Overlapping but distinct sets of ISGs are involved in the early, IFN-independent
antiviral host response and the late IFN-dependent response. This results from the
differential transcriptional regulation of ISGs conferred by different ISREs as desribed
above. For example, p56 and ISG15 genes are activated by both initial virus infection and
IFN, while Mx and 2′-5′ OAS genes are activated only by IFN.

Although the functions of many ISGs have not yet to be identified, some ISGs′
functions have been defined. The ISGs show broad diversity in biochemical localization
and biological activity. One of the well-studied ISGs is 2′,5′-OAS, which upon activation
by dsRNA polymerizes ATP into 2′-5′ oligo (A) chains, which in turn activates the latent
RNase L that degrades mRNAs and ribosomal RNAs to inhibit virus replication. Below
are brief structural and mechanistic aspects of other examples of ISGs with known
antiviral functions.
1.2.3.1 p56 protein
The p56 protein is primarily cytoplasmic, and both the protein and the
corresponding mRNA have short lifetimes. This protein is structurally related to three
other ISGs, namely p54, p60, and p58 based on their respective molecular weight
(Wathelet et al. 1998). All of these four proteins contain multiple tetratricopeptide repeats
(TPR) that are known to mediate protein to protein interactions. Both in vitro and in vivo
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experiments have shown that human p56 protein can bind to the p48 subunit of the
eukaryotic translation initiation factor eIF-3 (Guo et al. 2000a) and selectively inhibit its
ability to stabilize the ternary complex of eIF-2, GTP and Met-tRNAi (Hui et al. 2003).
As a result, P56 inhibits the initiation of translation.
1.2.3.2 ISG15
ISG15 is one of the most strongly induced proteins after IFN treatment (Farrell et
al. 1979; Der et al. 1998), and is also strongly induced in cells infected by influenza
viruses independently of IFN synthesis (Wathelet et al. 1998; Yonegawa et al. 2000; Kim
et al. 2002). As is the case for other ubiquitin-like proteins such as SUMO-1 and Rub1
(Jentsch and Pyrowolakis 2000), the ISG15 protein is covalently attached via its Cterminal glycine residues to particular target proteins (Loeb and Haas 1992). Recent
proteomic study revealed that ISG15 conjugation targets a wide array of cellular proteins,
including both IFN-induced and constitutively expressed proteins in diverse cellular
pathways, including RNA splicing, chromatin remodeling/polymerase II transcription,
cytoskeleton organization and regulation, stress responses, and translation (Zhao et al.
2005; Krug et al. 2005). The exact role of ISG15 conjugation in protein function and antiviral activity is still unclear.
1.2.3.3 Mx protein
Mx proteins are GTPases belonging to the dynamin superfamily, many members
of which are involved in intracellular membrane trafficking (Arnheiter et al. 1996).
Induced by IFN α/β but not directly induced by virus infection, some Mx proteins, such
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as MxA from human and Mx1 from murine, confer resistance to the infection of several
RNA viruses including influenza virus (Staeheli 1990). Although the mechanism of the
functions of Mx proteins in viral infection has not been completely understood, previous
studies have provided some useful insights. First, the antiviral action of Mx protein
depends on its ability to bind or hydrolyze GTP (Pitossi et al. 1993; Schwemmle et al.
1995). Second, murine Mx1 inhibits the primary transcription of influenza virus, whereas
human MxA acts in the cytoplasm to inhibit a later step in the viral life cycle (Pavlovic et
al. 1992). Finally, recent reports have shown that the antiviral mechanism of MxA may
involve its direct interaction with viral nucleocapsids (Kochs and Haller 1999; Kochs et
al. 2002; Reichelt et al. 2004).
1.3 Pandemic flu
Influenza A viruses are responsible for periodic widespread epidemics, or
pandemics resulting in high mortality rates. Three pandemics occurred in the twentieth
century, in 1918, 1957, and 1968 respectively. The 1918 pandemic (“Spanish flu”) was
the most devastating, causing an estimated 20-40 million deaths worldwide. Pandemics
are caused by the emergence in humans of an influenza A virus containing a new subtype
of HA, the major surface protein of the virus against which neutralizing antibodies are
produced. This new subtype of HA is encoded by a genomic RNA segment derived from
an avian influenza virus via three possible paths: 1) re-assortment with the currently
circulating human strain; 2) direct transmission from birds; 3) transmission from an
intermediate host. H5N1 avian influenza virus, so-called “bird flu”, which is currently
circulating widely in Asia, is a primary candidate for the next pandemic influenza A virus
strain. In 1997, the first example of a purely avian H5N1 influenza virus transmitted from
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avian to humans was documented. It caused severe respiratory symptoms in infected
patients, resulting in a overall case-fatality rate of 33% in Hong Kong. Following this
outbreak, this virus reemerge in 2004 with increasing threats, more than 100 infected
humans have died, and the mortality rate is approximately 65%. At present most H5N1
virus infections have occurred via avian-to-human transmission, and is not readily
transmissible between humans. There is concern because it is quite possible that the
H5N1 viruses can acquire such transmissibility via mutations and/or re-assortment of
genes with circulating human influenza A viruses. If this happens, it would be expected
to cause the next human pandemic, potentially causing millions of deaths.
1.3.1 The emergence of new influenza A viruses in humans
Because of its segmented genome, different genes in influenza viruses can be
rearranged by reassortment, resulting in new viruses distinct from previous circulating
strains (Lamb and Krug 2001; Wright and Webster 2001). New pandemic viruses usually
result from gene reassortment between human and avian strains. The major surface
protein of the influenza virion, HA, can undergo antigenic shift between human and avian
strains, generating a changed HA protein retaining the ability to bind to human receptors
while capable of escaping the surveillance of human immune system. Currently the
circulating avian virus in Asia has a H5 HA subtype that is not present in circulating
human strains. This partially explains the high mortality rate caused by the new lethal
viruses when transmitted to humans.
However, the transmission of H5N1 lethal strains from avian to humans are so far
limited because the H5 HA protein of current H5N1 virus has retained its specificity for
avian receptors (Matrosovich et al. 2004; Puthavathana et al. 2005). Avian HA cell
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receptors are different from human receptors in that they contain sialic acid linked to
galactose by α2,3 linkage, whereas the human analogs contain sialic acid linked to
galactose by α2,6 linkages. Consequently, human influenza A viruses normally infect
nonciliated lung epithelial cells expressing α2,6 receptor, whereas the avian H5N1 virus
infects ciliated epithelial cells expressing avian-like α2,3 receptor (Matrosovich et al.
2004). Infection via nonciliated lung cells may not be optimal for virus replication,
which explains why the exposure to high levels of the avian H5N1 virus from infected
chickens is required for human infection and why the current H5N1 virus is inefficient in
human-to human transmission.
It has been reported that high cleavability of the HA is an essential requirement
for lethal infection (Hatta et al. 2001), and Leu-226 and Ser-228 on the HA, which are
unique in H2 and H3 pandemic strains, are required for the human cell receptor binding
(Matrosovich et al. 2004). Major mutations in the receptor binding site of the H5 HA (eg.
Q226 changed to L and G228 changed to S) have been shown sufficient to change its
binding specificity from avian α2,3 receptor to human α2,6 receptor (Harvey et al. 2004).
This result suggests that naturally occurring HA mutants in H5N1 viruses may result in
selecting functionally suitable subtype for human infection, thus facilitating human-tohuman transmission.
A vaccine would likely provide the best defense against the emergence of a
H5N1-like virus that acquires efficient transmissibility between humans. However,
despite efforts to streamline the production of influenza virus vaccines, it is not likely that
sufficient vaccine would be available in time to thwart a rapidly-spreading pandemic
H5N1-like virus (Ferguson et al. 2005; Longini et al. 2005). Consequently, antiviral
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drugs targeted against influenza virus would be needed as an initial line of defense to
stem the spread of the virus. Moreover, antiviral drugs could continue to be used for this
purpose even after a vaccination program is in place. Only two classes of anti-influenza
drugs are currently available: inhibitors of the viral M2 ion channel protein (amantadine
and rimantadine), and inhibitors of the viral neuraminidase (zanamivir and oseltamivir)
(Wright and Webster 2001). The emergence of influenza A viruses resistant to the M2
inhibitors occurs at high frequency in treated patients (Cox and Subbarao 1999; Suzuki et
al. 2003). In fact, most of the human isolates of H5N1 viruses are already resistant to
these inhibitors (Puthavathana et al. 2005). Meanwhile, a recent study has shown that
influenza A viruses resistant to the neuraminidase inhibitor oseltamivir occurred in 20%
of the children treated with this drug (Kiso et al. 2004; Le et al. 2005; de Jong et al. 2005).
With this growing resistance of influenza A virus to the current antiviral drugs, there is
urgent need for the development of new antiviral drugs.
1.3.2 The model for virulence of influenza A viruses
The virulence of influenza A viruses have been assayed primarily in two animal
model systems, mice and ferrets, with most virulence studies carried out in mice (Wright
and Webster 2001). One of the great benefits of mouse model system is the availability of
numerous transgenic mice with specific gene disruptions, which can help researchers
elucidate the actual role of specific host genes in influenza A virus-induced disease.
However, there are at least three reasons arguing that mice may not provide an
appropriate model system for studying influenza infection. First, mice are not a natural
host of influenza viruses and accordingly, mouse-adapted virus strains like A/WSN/33
and A/PR8/34 have been mostly used in related studies. However, it is not clear whether
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the mutations in those mouse-adapted virus strains alter the properties of these viruses so
that they differ significantly from those of naturally-occurring human isolates of
influenza A viruses. Second, the study in mouse systems miss the action of the IFNinducible Mx1 gene, which provides the principal IFN-mediated protection against
influenza A virus (Staeheli et al. 1984). In the absence of the Mx1 gene, IFN treatment
results in only a modest reduction in virus replication, whereas IFN treatment in the
presence of the Mx1 gene severely reduces virus replication (Krug et al. 1985). Finally,
the pathology associated with mouse-adapted influenza viruses often differs from human
diseases caused by most naturally-occurring influenza A virus strains (Wright and
Webster 2001).
In contrast to mice, ferrets are naturally infected by influenza A viruses and found
to develop a human-like illness when infected with human isolates of influenza A virus
(Wright and Webster 2001; Zitzow et al. 2002). However, ferrets are not suitable for
studying the roles of specific host genes in influenza infection because ferret genetics has
not been developed yet. Nonetheless, ferrets can provide lots of useful information for
studying mutant viruses.
Experiments using tissue culture cells can contribute information about virus-cell
interactions and provide important insight into virus virulence. Mutation in individual
viral genes that affect steps in virus replication and/or the ability of the virus to counter
cellular antiviral responses may reveal the specific roles of such genes in influenza virus
virulence. Furthermore, viral mutations that alter the ability of the virus to induce
apoptosis, or programmed cell death, may also provide additional measurements for
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mapping the virulence determinants. Viruses containing the above mutations could be
further evaluated and reconfirmed in ferrets and/or mice.
The consensus from most virulence studies is that influenza virulence is a
polygenic trait (Florent et al. 1977; Oxford et al. 1978), meaning that it can not be
described as a single specific viral gene effect. Virulence may require more than one
virus-induced effect on the host and/or specific interaction between two or more of viral
proteins, as discussed below.
1.3.3 The role of the major surface proteins, HA and NA in influenza A virus
virulence
The HA protein is required for the binding of the virus to the sialic acid receptors
on the cell surface, for the fusion of viral and cellular endosomal membranes, and for
subsequent release of the viral RNPs into the cytoplasm (Lamb and Krug 2001). HA first
has to be cleaved into two disulfide-linked subunits, HA1 and HA2, which are present on
the surface of the infectious virions. The N-terminus of the HA2 subunit plays a key role
in mediating the fusion of viral and endosomal membranes. Consequently, cleavage of
HA is a prerequisite for virus entry and is a crucial determinant of virulence. H1, H2 and
H3 subtypes of influenza A viruses, including strains that caused previous pandemics,
contain a single arginine at the cleavage site, and cleavage of the HA of these viruses is
carried out by extracellular trypsin-like protease that is secreted only by certain cell types
(e.g. cells in the respiratory tract). It has been shown that the presence of a stretch of
basic amino acids adjacent to the H1 cleavage site like that found in highly pathogenic
H5N1 viruses, allows these HAs to be targeted by ubiquitous intracellular proteases
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(Stieneke-Grober et al. 1992), which results in more efficient cleavage that is required for
the virulence of these viruses (Hatta et al. 2001).
HA cleavage can also be enhanced by the NA in the case of influenza A/WSN/33
strain which is virulent in mice (Goto and Kawaoka 1998; Goto et al. 2001). The NA of
WSN strain binds and sequesters cellular plasminogen to activate the protease named
plasmin which can cleave the WSN HA. However, until now, only WSN NA has been
found to have this facilitating effect on HA cleavage. In fact, according to the latest
report, NA may affect the virulence in other ways. Specifically, there is evidence linking
the presence of an additional glycosylation site in the NA of a H5N1 virus to enhanced
virulence, although the detailed mechanism is still unknown (Hulse et al. 2004).
1.3.4 The role of the viral polymerase in influenza A virus virulence
The influenza A virus polymerase, PB1, PB2 and PA proteins, is also implicated
in the virulence of H5N1 avian viruses (Hatta et al. 2001; Shinya et al. 2004). Mutational
analysis shows that position 627 in the PB2 influenced the outcome of infection in mice
although cleavability of the HA is an essential requirement for lethal infection (Hatta et al.
2001). The role of the viral polymerase in virulence is controversial. Studies using inbred
mice (BALB/c) indicate that a Glu-to-Lys mutation at position 627 in the PB2 is required
for virulence. In inbred mice, H5N1 viruses isolated from humans exhibited two distinct
phenotypes (Hatta et al. 2001; Lu et al. 1999; Katz et al. 2000). One group, A/Hong
Kong/483/97(HK483) is highly pathogenic in mice, causing lethal systemic infections. In
contrast, the other group, A/Hong Kong/486/97(HK486), is less pathogenic, and virus
replication is restricted to the respiratory tract. Both HK483 and HK486 viruses possess
the polybasic sequence at the HA cleavage site, thereby resulting in efficient cleavage.
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PB2 subunit of the polymerase is shown to be responsible for the difference in virulence
between the HK483 and HK486 viruses, and a single amino acid substitution of a Lys
rather than a Glu at position 627 of the PB2 protein is the only amino acid responsible for
this difference. The presence of a Lys at this position enables the virus to replicate more
efficiently in the tissue culture and in the mouse, and this efficient replication is the likely
reason that the host cell defenses are prevented from confining infection to respiratory
organs (Shinya et al. 2004). However, in avian cells no difference in replication is
observed. Consistent with earlier results, a H5N1 virus isolated from an acutely infected
human in 2004 (A/Vietnam/1203/04) encodes Lys at position 627, providing further
evidence that this amino acid influences virulence in humans (Govorkova et al. 2005).
Two roles for amino acid 627 in the PB2 protein have been postulated. One
suggests this amino acid is crucial for the interaction of the viral polymerase with
essential host factors which differ between avian strains and mammals. This mechanism
is involved in RNA conformational changes during the process of transcription and
replication (Crescenzo-Chaigne et al. 2002). A second suggestion is that this amino acid
determines the temperature sensitivity of viral RNA polymerase activity (Massin et al.
2001). Human influenza A viruses replicate in the upper respiratory tract at a temperature
of about 33°C, whereas avian viruses replicate in the intestinal tract at a temperature
close to 41°C. Because of the virus replication occurs at different temperature in avian
strains and mammals, the polymerase from avian viruses, but not from mammals,
exhibited cold sensitivity and replication was delayed at 30°C compared to 41°C. These
results suggest this temperature dependence could be mostly determined by the residue
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627 of the PB2 and also contributes to their inability to grow efficiently in humans
(Massin et al. 2001).
1.3.5 The role of the NS1A protein in influenza A virus virulence
Evidence has been presented for two roles for the NS1A protein in the virulence
of H5N1 viruses. First, the 1997 H5N1 influenza virus infected monocyte-derived
macrophages induced a larger amount of cytokine mRNAs (including IFN-β and tumor
necrosis factor (TNF)-α) compared to any influenza viruses strain isolated from humans
during the same period of time (Cheung et al. 2002). Our experiments show that the
NS1A protein from the 1997 HK H5N1 virus does not bind the cellular 30kDa CPSF, and
as a result, does not inhibit 3′ end processing of newly synthesized pre-mRNAs. This
discovery explains why 1997 H5N1 influenza virus infected cells can induce a larger
amount of cytokine mRNAs. Alignment analysis comparing the NS1A protein from 1997
HK strain to that from other influenza A viruses shows conservation in the binding site of
30kDa CPSF. Therefore, another region may also be required for binding to the 30kDa
subunit of CPSF, or some certain region of the NS1A protein may also play a role in
enhancing the binding to the 30kDa CPSF.
Second, the 1997 H5N1 influenza virus shows more resistance to the antiviral
effects of IFN and TNF-α compared to any other human influenza viruses (Seo et al.
2002). This resistance is due to the glutamic acid at position of 92 in the effector domain
of the NS1 protein that can protect the virus against cytokine-induced antiviral effects
(Seo et al. 2002). By generating recombinant viruses, the resistance to the antiviral effects
of IFN and TNF-α was shown to be due to the presence of Glu rather than Asp at position
92 in the NS1A protein. However, several exemptions show the inconsistency of this
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conclusion. For example, the result obtained with a 2001 H5N1 virus is not consistent
with the resistance to IFN and TNF-α playing a role in virulence in mice and pigs
(Lipatov et al. 2005). Furthermore, the 2004 H5N1 viruses with high virulence in humans
has Asp and not Glu, at position 92 in the NS1A protein (Govorkova et al. 2005).
Nonetheless, it is possible that other changes in this region of the NS1A protein might
give a similar IFN resistance.
Prior to my thesis work, it was not understood how the NS1A protein of 1997
H5N1 virus effects high cytokine production without being attenuated. The NS1A protein
is a multi-functional protein (Falcon et al. 2004; Garcia-Sastre 2001; Krug et al. 2003).
One of its best characterized functions is the inhibition of the 3′ end processing of cellular
pre-mRNAs, which occurs in virus-infected cells as well as in transient transfection
assays (Chen et al. 1999; Li et al. 2001; Nemeroff et al. 1998; Noah et al. 2003). This
inhibition is mediated by the binding of the NS1A protein to two crucial 3′ end
processing factors as described earlier. As a consequence, the processing of the cellular
pre-mRNAs, including those encoding cytokines, is inhibited, resulting in a profound
reduction of the production of mature cellular mRNAs in the cytoplasm. For example, the
transcription of the cellular IFN-β gene occurs in human cells infected with a human
influenza A virus (A/Udorn/72) because the virus activates the transcription factors, IRF3 and NF-κB, that are required for the transcription of the IFN-β gene (Kim et al. 2002;
Noah et al. 2003). Both IFN-β mRNA and the IFN-α/β-induced MxA mRNA are
synthesized. IFN-α/β-induced mRNAs, including MxA mRNA are synthesized in cells
infected by the mouse-adapted influenza A/WSN/ 33 virus (Geiss et al. 2002),
demonstrating that IRF-3 and NF-κB are also activated by this virus. Recent experiments
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have shown that activation of these transcription factors by several RNA viruses is
mediated by the RIG-I RNA helicase (Sumpter et al. 2005; Yoneyama et al. 2004). As is
the case with these RNA viruses, influenza A virus triggers the activation of IRF-3 and
NF-κB through RIG-I dependent signaling. Because 3′ end processing of the newly
synthesized IFN-β pre-mRNA is inhibited by influenza A virus, only a low amount of
mature IFN-β mRNA is produced (Noah et al. 2003). The level of mature IFN-β mRNA
is substantially increased when cells are infected with a recombinant influenza
A/Udorn/72 virus that encodes an NS1A protein containing a mutated binding site of the
30kDa subunit of CPSF (Noah et al. 2003; Twu et al. 2006). This mutant virus is
substantially attenuated, most likely because of the increase in IFN-β synthesis. The same
attenuation is shown with a chimeric recombinant influenza A/Udorn/72 virus which the
NS1A protein replaced with 1997 HK NS1A. This attenuation is corrected by replacing
the PB1, PB2, PA, NP and M genes from Udorn with their counterparts from the 1997
HK H5N1 virus.
Although the amino acid sequences of NS1A protein from the different strains of
influenza A viruses may be similar, our experiments suggest that the folding of the NS1A
protein from the different strains of influenza A virus may differ, resulting in functional
differences. One explanation for the high production of cytokines during H5N1 infection
is that the H5N1 NS1 protein does not inhibit the post-transcriptional processing of
cellular pre-mRNAs. In fact, we have shown that the NS1A protein from the 1997
HK/483/97 H5N1 virus does not interact with the cellular 30kDa subunit of CPSF and
does not inhibit the 3′ end processing of cellular pre-mRNAs. The lack of 30kDa CPSF
binding activity is not evident from the sequence of the HK NS1A protein. Our
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mutagenesis data demonstrates that a single amino acid change alters the binding to the
30kDa CPSF. The sequence alignment analysis data shows that 1997 HK NS1A protein
has I at amino acid position 106, and the NS1A protein from the other strains has M at
that position. We changed amino acid 106 from I to M in 1997 HK NS1A protein, and
found that the resulting NS1A protein gained the ability to bind the 30kDa CPSF and to
inhibit the cellular 3′ end processing of pre-mRNAs. We presume that the chimeric
recombinant influenza A/Udorn/72 with its NS1A protein replaced by 1997 HK
NSI106M shows no attenuation because IFN production is inhibited. The generation of
this virus is in progress. From the evolution point of view, our results indicate that the
1997 HK NS1A protein has not adapted for efficient virus replication in mammalian cells.
In contrast, later H5N1 strains, like VN2004, have evolved to inhibit cellular 3′ end
processing for more efficient replication in the mammalian cells.
My thesis work focuses on two topics:
1) demonstrate that the CPSF30 binding site of the NS1A protein is a potential target for
the development of small molecule antiviral drugs directed against influenza A virus.
2) demonstrate that the NS1A protein of H5N1 viruses have evolved to gain the function
of the inhibition of the 3′ end processing of cellular pre-mRNAs. This represents an
adaptation of H5N1 viruses to the human host, and is expected to contribute to their
virulence.
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Chapter 2: Cellular antiviral responses against influenza A virus are blocked by the
viral NS1A protein via its binding to a cellular protein required for the 3′ end
processing of cellular pre-mRNAs*

2.1 Abstract
The influenza A virus NS1 protein (NS1A protein) binds and inhibits the function of the
30-kDa subunit of CPSF, a cellular factor that is required for the 3′-end processing of
cellular pre-mRNAs. Here we generate a recombinant influenza A/Udorn/72 virus that
encodes an NS1A protein containing a mutated binding site for the 30-kDa subunit of
CPSF. This mutant virus is substantially attenuated, indicating that this binding site in the
NS1A protein is required for efficient virus replication. Using this mutant virus, we show
that NS1A binding to CPSF mediates the viral posttranscriptional countermeasure against
the initial cellular antiviral response—the IFN-α/β-independent activation of the
transcription of cellular antiviral genes, which requires the IRF-3 transcription factor that
is activated by virus infection. Whereas the posttranscriptional processing of these
cellular antiviral pre-mRNAs is inhibited in cells infected by wild-type influenza A virus,
functional antiviral mRNAs are produced in cells infected by the mutant virus. These
results establish that the binding of 30-kDa CPSF to the NS1A protein is largely
responsible for the posttranscriptional inhibition of the processing of these cellular
antiviral pre-mRNAs. Mutation of this binding site in the NS1A protein also affects a
* Significant portions of this chapter have been previously published in Virology: 307:386-95
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second cellular antiviral response: in cells infected by the mutant virus, IFN-β mRNA is
produced earlier and in larger amounts.
2.2 Introduction
Crucial cellular defenses against infection by mammalian viruses take place in
initially infected cells prior to the synthesis of IFN-α/β (Kim et al. 2002; Maniatis et al.
1998; Navarro et al. 1998; Preston et al. 2001; Simmen et al. 2001; Wathelet et al. 1998;
Weaver et al. 1998; Yoneyama et al. 1998). One of the major responses of mammalian
cells to virus infection is the activation of transcription factors that enable the cells to
survive infection (Geiss et al. 2002; Kim et al. 2002; Maniatis et al. 1998; Navarro et al.
1998; Preston et al. 2001; Simmen et al. 2001; Wathelet et al. 1998; Weaver et al. 1998 ;
Yoneyama et al. 1998).
The initial activation of transcription factors in response to virus infection is not
mediated by IFN-α/β and does not require viral protein synthesis (Boyle et al. 1999; Chin
and Cresswell 2001; Daly and Reich 1993; Daly and Reich 1995; Guo et al. 2000;
Iwamura et al. 2001; Kim et al. 2002; Navarro et al. 1998; Preston et al. 2001; Simmen et
al. 2001; Wathelet et al. 1998; Yoneyama et al. 1998; Zhu et al. 1997). Two transcription
factors, IRF-3 and IRF-7, are activated and combine with the transcriptional coactivators
p300 and CREB-binding protein (CBP) to form a transcription complex (Kim et al. 2002;
Navarro et al. 1998; Preston et al. 2001; Wathelet et al. 1998; Weaver et al. 1998;
Yoneyama et al. 1998). This complex (virus-activated factor or VAF) binds to a subset of
the IFN-α/β-stimulated response elements (ISREs) present in the promoters of a subset of
cellular genes, thereby inducing their transcription. Because some of the proteins encoded
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by these genes have antiviral activities that can protect initially infected cells against
virus replication (Boyle et al. 1999; Chin and Cresswell 2001; Kim et al. 2002; Simmen
et al. 2001), this early virus-induced activation of cellular transcription constitutes an
early IFN-α/β-independent antiviral response of cells. Viruses can be presumed to mount
countermeasures against such an early antiviral response to allow the virus to replicate
(Chin and Cresswell 2001). This is the initial battle in the intracellular warfare between
mammalian cells and many mammalian viruses.
Influenza A viruses, one of the four influenza virus genera, are responsible for the
human pandemics that have caused high mortality rates, and the highly pathogenic virus
that was transmitted from chickens to humans in Hong Kong in 1997 is an influenza A
virus (Wright and Webster 2001). We have previously shown that, as is the case with
many mammalian viruses, influenza A virus induces the IFN-α/β-independent activation
of IRF-3 and transcription of ISRE-controlled cellular genes (Kim et al. 2002). Two
different assays established that IRF-3 is activated, and a nuclear runoff transcription
assay demonstrated that the transcription of the ISRE-controlled p56 gene is induced. In
addition, we showed that influenza A virus is unique in that this early IFN-α/βindependent activation of the synthesis of cellular antiviral pre-mRNAs does not result in
the production of mature antiviral mRNAs, indicating that the posttranscriptional
processing of these cellular antiviral pre-mRNAs is inhibited (Kim et al. 2002). As a
result, this early antiviral response is effectively countered because the antiviral proteins
encoded by these cellular genes are not synthesized. Consequently, influenza A virus
wins the initial battle in the intracellular war with human cells. We proposed that this
global inhibition of the early, IFN-α/β-independent cellular antiviral response by
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influenza A virus may be an important factor in the pathogenicity of influenza A virus
infection (Kim et al. 2002).
Virus infection of mammalian cells also activates the transcription factors that
induce the transcription of the IFN-α and IFN-β genes (Biron and Sen 2001). The
complex of transcription factors required for the induction of IFN-β transcription contains
two of the factors present in the VAF, IRF-3 and IRF-7, plus NF-κB and additional
factors (Maniatis et al. 1998; Thanos and Maniatis 1992; Yie et al 1999). Viruses can be
presumed to mount countermeasures to inhibit the production of IFN-α/β by the cell. This
is a second battle in the intracellular warfare between mammalian cells and mammalian
viruses.
Many investigators have shown that IRF-3 and NF-κB are activated and that IFNα/β is produced in cells infected by influenza A virus (Flory et al. 2000; Geiss et al. 2002;
Hiscott et al. 2001; Huang et al. 2001; Issacs and Lindemann 1957; Julkunen et al. 2001;
Kim et al. 2002; Pahl and Baeuerle 1995 and Ronni et al. 1997; present study). The
production of IFN-α/β mRNA indicates that posttranscriptional processing of at least
some IFN-α/β pre-mRNA occurs. In addition, some posttranscriptional processing of
several other virus-induced cellular pre-mRNAs also occurs in influenza A virus-infected
cells, as detected by microarray analysis (Geiss et al. 2001; Geiss et al. 2002; Huang et al.
2001). Hence these cellular pre-mRNAs have a different fate than the early antiviral
cellular pre-mRNAs, whose posttranscriptional processing is inhibited (Kim et al. 2002),
suggesting that the function of the NS1A-binding site for 30-kDa CPSF is regulated
during wild-type virus infection (see Discussion). The IFN-α/β protein molecules
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synthesized in cells initially infected by mammalian viruses are secreted and bind to cellsurface receptors to establish an antiviral state via the activation of the transcription of all,
rather than a subset, of ISRE-controlled cellular genes (Biron and Sen 2001; Darnell et al
1994). 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.
The nonstructural protein (NS1A protein) encoded by influenza A virus inhibits
the posttranscriptional processing of cellular pre-mRNAs by binding and inhibiting the
function of two cellular proteins that are required for the 3′-end processing of cellular
pre-mRNAs: the 30-kDa subunit of the cleavage and polyadenylation specificity factor
(CPSF) and poly(A)-binding protein II (PABII) (Chen and Krug 2000; Chen et al. 1999;
Li et al. 2001; Nemeroff et al 1998). The CPSF factor binds to the AAUAAA poly(A)
signal in cellular pre-mRNAs and is required for cleavage at the 3′ site at which poly(A)
addition occurs (Barabino and Keller 1999; Colgan and Manley 1997). Consequently,
when CPSF is inhibited, cellular pre-mRNAs are not cleaved. The PABII protein is
required for the processive elongation of poly(A) chains catalyzed by the cellular poly(A)
polymerase (Barabino and Keller 1999; Wahle and Kuhn 1997). In the absence of PABII,
only short poly(A) tails approximately 10 nucleotides in length are added to the 3′
cleaved pre-mRNA. The binding sites for these two cellular proteins in the 237 amino
acid long NS1A protein have been identified: the binding site for the 30-kDa CPSF
subunit is centered around amino acid 186 and the PABII-binding site is located in the
223–237 amino acid region (Li et al. 2001) (Figure 2.1A). Mutation of the NS1A-binding
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site for the 30-kDa CPSF subunit eliminates the ability of NS1A to inhibit 3′-end
cleavage of pre-mRNAs in transient transfection assays, establishing that this NS1Abinding site is required for the inhibition of 3′-end processing of cellular pre-mRNAs (Li
et al. 2001).
Inhibition of 3′-end processing of newly synthesized cellular pre-mRNAs occurs
in cells infected by influenza A virus (Chen et al. 1999; Shimuzu et al. 1999), indicating
that the in vitro assays and transfection experiments described above mirror events in
infected cells. By using influenza A viruses that encode mutant NS1A proteins, it was
established that the inhibition of 3′-end processing in infected cells is mediated by the
NS1A protein (Chen et al. 1999; Shimuzu et al. 1999). Cellular pre-mRNAs with
unprocessed or incompletely processed 3′ ends were identified in cells infected by these
mutant viruses. As a result of the inhibition of 3′-end processing, cellular mRNAs are not
exported from the nucleus after influenza A virus infection. The earlier observation that
the nuclear export of newly synthesized cellular mRNAs is blocked at early times after
influenza A virus infection (Katze and Krug 1984) can be attributed to this function of
the NS1A protein. One of the intriguing, unresolved questions is how the production of
some IFN-α/β mRNA and other virus-induced cellular mRNAs escape the NS1A proteinmediated inhibition of 3′-end processing of cellular pre-mRNAs (see Discussion).
The NS1A protein is physically associated with 30-kDa CPSF in influenza A
virus-infected cells (Nemeroff et al. 1998), indicating that the NS1A–CPSF interaction
that was first identified in vitro also occurs during influenza A virus infection and is
likely responsible for the NS1A protein-mediated inhibition of 3′-end processing of
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cellular pre-mRNAs that occurs in infected cells. In the present study we establish that
the NS1A protein-mediated inhibition of the processing of newly synthesized cellular
pre-mRNAs is indeed a direct result of binding the 30-kDa subunit of CPSF. We generate
a recombinant influenza A/Udorn/72 virus encoding an NS1A protein which has an
altered amino acid sequence centered around amino acid 186 and as a result does not bind
the 30-kDa subunit of CPSF. This recombinant virus (CPSF mutant virus) is highly
attenuated, indicating that this binding site in the NS1A protein is required for efficient
virus replication. We show that the 30-kDa CPSF–NS1A protein interaction plays
important roles in the two virus-cell battles described above. In cells infected by the
CPSF mutant virus, functional cellular antiviral mRNAs are produced as a result of the
early IFN-α/β-independent activation of the transcription of cellular antiviral genes.
Consequently, this mutation in the NS1A protein relieves the inhibition of the
posttranscriptional processing of these cellular antiviral pre-mRNAs that occurs in cells
infected by wild-type virus, establishing that the viral countermeasure against the early,
IFN-α/β-independent cellular antiviral response is largely mediated by the binding of the
30-kDa CPSF subunit to the NS1A protein. The mutation of the 30-kDa CPSF-binding
site also affects the second battle: in cells infected by the CPSF mutant virus, IFN-β
mRNA is produced earlier and in larger amounts.
2.3 Materials and methods
2.3.1 Generation of recombinant influenza A/Udorn/72 virus from cloned DNA
The following plasmids were kindly provided by Makoto Takeda: pHH21
plasmids containing the full-length cDNAs for each of the eight influenza A/Udorn/72
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genomic RNA segments; and four pcDNA plasmids encoding PB1, PB2, PA, and NP of
influenza A/Udorn/72 (Takeda et al. 2002). Alteration of Udorn NS1A residues 184 to
188 from GLEWN to RFLRY (CPSF mutant) was performed by using two rounds of
PCR and specific oligonucleotide primers (Ausubel et al. 1994). The resulting DNA was
sequenced and cloned into pHH21. Viruses encoding the wild-type and CPSF 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 proteins, as
described by Takeda 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 chicken eggs at 34°C. Amplified virus
was titered by plaque assay, and all the genomic RNA segments were sequenced.
2.3.2 Virus infections
For multiple cycle growth, cells were infected at a multiplicity of infection of
0.001 PFU/cell and were incubated in serum-free DMEM supplemented with 0.5×
Hamm’s F-12 media and 2.5 µg/ml (MDCK and GRE cells) or 0.1 µg/ml (A549 cells) Nacetylated trypsin (NAT). NAT was replenished daily for the infections in A549 cells.
For single-cycle infection, GRE cells were infected with 5 PFU/cell and overlayed with
DMEM containing 2% calf serum.
2.3.3 RNA analysis and immunoblotting
The steady-state levels of ISG15 and p56 mRNAs in mock-infected and influenza
A virus infected cells were determined by Northern analysis of 5-10 µg of total cellular
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RNA, as previously described (Kim et al. 2002). MxA mRNA was detected by Northern
analysis of total cellular RNA using three 5′

32

P-labeled oligonucleotides that are

complementary to three different regions of MxA mRNA. The amount of IFN-β mRNA
was determined by RNase protection using a uniformly labeled RNA probe transcribed
from the IFN-β-pBKS (II) plasmid (Peters et al. 2002). Annealing of this RNA probe to
cellular RNA (40 µg) and RNase A/T1 digestion were carried out using the RPAIII kit
(Ambion). Protected RNA fragments were analyzed on a 6% acrylamide/ 8 M urea gel.
Immunoblot analysis of ISG15 protein was performed as previously described (Kim et al.
2002).
2.4 Results
2.4.1 A recombinant influenza A virus encoding a NS1A protein with a mutated site
for the 30-kDa CPSF subunit is attenuated for replication
The inhibition of the 3′-end processing of cellular pre-mRNAs in influenza A
virus infected cells is mediated by the NS1A protein (Chen et al. 1999; Shimuzu et al.
1999). We have shown previously that the NS1A protein binds and inhibits the functions
of two cellular proteins that are required for the 3′-end processing of cellular pre-mRNAs,
the 30-kDa subunit of CPSF and PABII (Chen and Krug 2000; Chen et al. 1999; Li et al.
2001; Nemeroff et al. 1998), and that the NS1A protein in infected cells is associated
with 30-kDa CPSF (Nemeroff et al. 1998). The binding sites for 30-kDa CPSF and
PABII are near the carboxy end of the NS1A protein: the 30-kDa CPSF-binding site is
centered around amino acid 186 and the PABII binding site is located in the 223-237
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amino acid region (Li et al. 2001) (Figure 2.1A). The present study focuses on the
function of the 30-kDa CPSF-binding site during influenza A virus infection.
Accordingly, we generated a recombinant influenza A virus encoding an NS1A protein
lacking the binding site for 30-kDa CPSF. Our rationale was that the elimination of this
site would allow cellular pre-mRNAs to be processed to form 3′ end-cleaved mRNAs
containing short poly(A) tails approximately 10 nucleotides in length, and that such
mRNAs might be exported to the cytoplasm and translated. This mutant influenza A virus
would establish whether this NS1A-binding site is required for efficient virus replication,
and whether the function mediated by this binding site participates in the viral
countermeasures against two of the cellular antiviral responses, i.e., the early, IFN-α/βindependent antiviral response and the production of IFN-α/β.
For these experiments, we used the human influenza A/Udorn/72 virus and
generated recombinant viruses using the 12-plasmid transfection system (Fodor et al.
1999; Neumann et al. 1999; Takeda et al. 2002). Using this protocol, wild-type virus is
produced approximately 3 days after transfection of the 12 plasmids containing wild-type
influenza A/Udorn/72 virus sequences. To eliminate the 30-kDa CPSF-binding site in the
NS1A protein, the sequence of the NS1A protein from amino acid 184 to 188 was
changed from GLEWN to RFLRY (Figure 2.1B), without changing the amino acid
sequence of the NS2 protein, whose reading frame overlaps that of the NS1A protein.
Using the plasmid encoding such a mutated NS1A protein to generate a recombinant
virus, we detected virus production between 3.5 and 4 days after transfection. Sequencing
all the genomic RNA segments of this recombinant virus confirmed that its NS1A coding
region from 184 to 188 encodes the mutated RFLRY sequence, and that all the other
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Figure 2.1: A recombinant influenza A virus encoding a NS1A protein with a mutated
site for the 30-kDa CPSF subunit is attenuated for replication. (A) The binding sites of
30-kDa CPSF and PABII on the NS1A protein. Amino acid residue numbers are denoted.
(B) The change in the amino acid sequence of the NS1A protein that eliminates the
binding site for 30-kDa CPSF. (C) The plaques formed by wild-type and CPSF mutant
viruses in MDCK cells.
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genomic RNA segments contain the wild-type sequence. The recombinant virus forms
pinpoint plaques in MDCK cells (Figure 2.1C), indicating that this virus, which will be
referred to as the CPSF mutant virus, is substantially attenuated for growth.
To measure the degree of attenuation more accurately, we compared the rates of
replication of the CPSF mutant virus and wild-type virus during multiple cycle growth in
MDCK cells, using a multiplicity of infection of 0.001 plaque-forming units (PFU) per
cell (Figure 2.2). During the linear rate of replication, the first 30 h postinfection, the
CPSF mutant virus replicated 800-fold slower than wild-type virus. These results
establish that the binding of the 30-kDa CPSF subunit to the 186 amino acid region of the
NS1A protein is required for efficient virus replication.
2.4.2 The CPSF mutant virus induces the IFNα/β-independent production of
functional mRNAs encoded by ISRE-controlled cellular genes
Infection of human cells with wild-type influenza A/Udorn/72 virus activates the
IFN-α/β-independent transcription of cellular ISRE-controlled genes, but mature cellular
mRNAs encoded by these genes (antiviral mRNAs) are not produced, indicating that the
posttranscriptional processing of these cellular antiviral premRNAs is inhibited (Kim et
al. 2002). To focus solely on this IFN-α/β-independent antiviral response, we employed
human GRE cells, which do not produce IFN-α/β (Bandyopadhyay et al. 1995). These
cells were infected with either the CPSF mutant virus or the wild-type virus using a
multiplicity of infection of 5 PFU per cell, conditions under which essentially all the cells
should be infected. To determine whether the inhibition of the post transcriptional
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Figure 2.2: Multiple cycle growth curve of wild-type (wt) and CPSF mutant viruses in
MDCK cells. The multiplicity of infection was 0.001 PFU/cells. Virus production was
measured by plaque assays in MDCK cells.
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processing of cellular antiviral pre-mRNAs is relieved by mutating the 30-kDa CPSFbinding site of the NS1A protein, we used Northern analysis to measure the production of
ISG15 mRNA, which is encoded by an ISRE-controlled gene. ISG15 mRNA was
produced at 8 and 11 h after infection with the CPSF mutant virus, whereas little or no
detectable ISG15 mRNA was produced during infection with wild-type virus (Figure
2.3A). Similar results were obtained for the production of p56 mRNA, which is also
encoded by an ISRE-controlled gene (data not shown). Consequently, mutating the 30kDa binding site of the NS1A protein effectively relieves the inhibition of the
posttranscriptional processing of pre-mRNAs encoded by cellular ISRE-controlled genes.
The ISG15 protein is synthesized in CPSF mutant virus-infected cells (Figure 2.3A),
indicating that the ISG15 mRNA detected by Northern analysis is functional in
translation.
We also examined ISG15 mRNA production in GRE cells during multiple cycle
growth by infecting the cells at a low multiplicity of infection (0.001 PFU per cell)
(Figure 2.3B). At 42 and 54 h postinfection, ISG15 mRNA was produced after infection
with the CPSF mutant virus, but not after infection with the wild-type virus. Based on
these results, we conclude that the binding of the 30-kDa CPSF subunit to the 186 amino
acid region of the NS1A protein is largely responsible for the inhibition of the processing
of the antiviral pre-mRNAs that are induced by infection of human cells with influenza A
virus via a mechanism that is independent of IFN-α/β. Consistent with the inability of the
CPSF mutant virus to counter this IFN-α/β-independent antiviral response, this virus is
attenuated in GRE cells: it replicates approximately 10-fold slower than wild-type virus.
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Figure 2.3: Mutation of the binding site for 30-kDa CPSF in the NS1A protein in a
recombinant influenza A virus relieves the inhibition of the posttranscriptional processing
of an antiviral pre-mRNA that is synthesized as a result of the IFN-α/β-independent
activation of the transcription of ISRE-controlled cellular genes. (A) ISG15 mRNA and
ISG15 protein produced during single-cycle infection of GRE cells (5 PFU/cell) with
wild-type (wt) or CPSF mutant virus. At the indicated times postinfection, the amounts of
ISG15 mRNA and ISG15 protein were measured by Northern analysis and
immunoblotting, respectively. As a control; ISG15 mRNA and ISG15 protein were
measured in mock-infected cells. (B) ISG15 mRNA produced during multiple cycle
infection of GRE cells (0.001 PFU/cell) with wild-type (wt) or CPSF mutant virus.
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2.4.3 In human cells infected with the CPSF mutant virus IFN-β mRNA is produced
earlier and in larger amounts than after infection with wild-type virus
The antiviral response of initially infected human cells to influenza A virus
includes not only the IFN-α/β-independent activation of the transcription of antiviral
genes but also the production of IFN-α/β. To determine the role of the 30-kDa binding
site of the NS1A protein in the latter as well as the former cellular antiviral response, we
infected human A549 lung cells, which produce IFN-α/β, with either the CPSF mutant
virus or the wild-type virus at a low multiplicity of infection (0.001 PFU per cell). First,
we measured the production of ISG15 and p56 mRNAs, two cellular mRNAs that are
produced in the absence as well as in the presence of IFN-α/β (Boyle et al. 1999; Chin
and Cresswell 2001; Daly and Reich 1993; Daly and Reich 1995; Guo et al. 2000;
Iwamura et al. 2001; Kim et al. 2002; Navarro et al. 1998; Preston et al. 2001; Simmen et
al. 2001; Wathelet et al. 1998; Yoneyama et al. 1998; Zhu et al. 1997) (Figure 2.4A). In
A549 cells infected with the CPSF mutant virus, p56 and ISG15 mRNAs were detected at
30 h postinfection and reached a maximum level by approximately 42 h postinfection.
High levels of these two cellular mRNAs were also produced after infection of A549
cells with wild-type virus (Figure 2.4A), in contrast to their virtual absence in GRE cells
infected by wild-type virus (Figure 2.3B). Consequently, it is likely that the production of
these two cellular mRNAs during wild-type virus infection of A549 cells is caused by
newly synthesized IFN-α/β, which is not made in GRE cells. However, in A549 cells, the
p56 and ISG15 mRNAs were produced at a later time and in lower amounts with wildtype virus compared with the CPSF virus mutant (Figure 2.4A). These results suggest
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Figure 2.4: In cells infected by the CPSF mutant virus, IFN-β mRNA is produced earlier
and in larger amounts compared to cells infected by wild-type virus. (A) The time course
of production of p56, ISG15, and MxA mRNAs after infection with 0.001 PFU/cell of
wild-type (wt) or CPSF mutant virus. At the indicated times postinfection, the amounts of
these mRNAs were measured by Northern analysis. (C) The time course of production of
IFN-β mRNA after infection with 0.001 PFU/cell of wild-type (wt) or CPSF mutant virus.
At the indicated times postinfection, the amount of IFN-β mRNA was determined using
the RNase protection assay described under Materials and methods.
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that IFN-α/β, which induces the enhanced production of p56 and ISG15 mRNAs in A549
cells, is synthesized at later times and in lower amounts with the wild-type virus.
To establish whether this interpretation is correct, we measured the production of
MxA mRNA (Figure 2.4A), which is induced by IFN-α/β but is not directly induced by
virus infection (Ronni et al. 1997). Consistent with our interpretation, MxA mRNA was
produced after infection of A549 cells with either wild-type virus or the CPSF mutant
virus, but was produced at a later time and in lower amounts with the wild-type virus.
Finally, the production of IFN-β mRNA was measured directly using an RNase
protection assay (Figure 2.4B). As we postulated, IFN-β mRNA is produced after
infection of A549 cells with the wild-type virus, but at later times and in lower amounts
compared with the CPSF virus mutant.
2.5 Discussion
Previous results have shown that the NS1A protein of influenza A virus contains a
binding site centered around amino acid 186 for the 30-kDa subunit of CPSF (Chen and
Krug 2000; Li et al. 2001; Nemeroff et al. 1998), a cellular factor which is required for
cleavage of cellular pre-mRNAs at the 3′ site where poly(A) addition occurs (Barabino
and Keller 1999; Colgan and Manley 1997). This binding results in the inhibition of 3′end processing of cellular pre-mRNAs in both in vitro and transient transfection assays.
These results mirror events in infected cells: the 30-kDa subunit of CPSF interacts with
the NS1A protein in influenza A virus-infected cells (Nemeroff et al. 1998), and the
inhibition of 3′-end processing of cellular pre-mRNAs that occurs in infected cells is
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mediated by the NS1A protein (Chen et al. 1999; Shimuzu et al. 1999). In the present
study we establish that the 30-kDa CPSF-binding site of the NS1A protein is required for
efficient replication of influenza A virus. Specifically, we demonstrate that a recombinant
influenza A/Udorn/72 virus that encodes an NS1A protein in which this binding site is
mutated (the CPSF mutant virus) is substantially attenuated for virus replication.
Consequently, the inhibition of the posttranscriptional processing of cellular pre-mRNAs
that is mediated by this CPSF-binding site in the NS1A protein is important for the
replication of influenza A virus.
Using this mutant virus, we demonstrate that the 30-kDa CPSF–NS1A protein
interaction plays crucial roles in two of the battles in the intracellular war between human
cells and human influenza A virus. The initial battle in this war is diagrammed in Figure
2.5. Influenza A virus, similar to many other mammalian viruses (Boyle et al. 1999; Chin
and Cresswell 2001; Daly and Reich 1993; Daly and Reich 1995; Guo et al. 2000;
Iwamura et al. 2001; Navarro et al. 1998; Preston et al. 2001; Simmen et al. 2001;
Wathelet et al. 1998; Yoneyama et al. 1998; Zhu et al. 1997), in the absence of IFN-α/β
activates IRF-3 and the transcription of ISRE-controlled cellular genes, some of which
encode antiviral proteins (Kim et al. 2002). However, in contrast to other mammalian
viruses, the posttranscriptional processing of the cellular antiviral pre-mRNAs encoded
by these genes is inhibited in influenza A virus infected cells (Kim et al. 2002). Here we
establish that this posttranscriptional inhibition is largely mediated by the binding of the
NS1A protein to the 30-kDa subunit of CPSF. Using human GRE cells, which do not
produce IFN-α/β (Bandyopadhyay et al. 1995), we show that the inhibition of the
posttranscriptional processing of these cellular antiviral pre-mRNAs is relieved in cells
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Figure 2.5: The initial battle in the intracellular war between human cells and human
influenza A viruses. The virus activates the IFN-α/β-independent activation of IRF-3 and
transcription of ISRE-controlled cellular genes, some of which encode antiviral proteins.
As a countermeasure, the virus-encoded 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. Consequently, influenza
A virus wins this initial battle.
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infected by the CPSF mutant virus. As a result, cellular antiviral mRNAs are produced
and translated, and replication of the CPSF mutant virus is attenuated in GRE cells.

The translation of these cellular antiviral mRNAs substantiates our previous
conclusions concerning translational control mechanisms in influenza A virus infected
cells (Cassetti et al. 2001), namely, that mRNAs in the cytoplasm of influenza A virus
infected cells are efficiently translated whether or not they have the viral 5′ untranslated
region, and that consequently any cellular mRNAs which are produced after infection and
escape the NS1A protein-mediated block in nuclear export will be translated in cells
infected by influenza A virus.
We have verified previous results of others that the production of IFN-β mRNA
occurs in cells infected by wild-type influenza A virus (Geiss et al. 2002; Huang et al.
2001; Issacs and Lindemann 1957; Julkunen et al. 2001; Ronni et al. 1997). Microarray
analysis of the cellular mRNAs produced after influenza A virus infection of human
monocyte-derived dendritic cells established that IFN-β and several IFN-α species are
produced (Huang et al. 2001). Dendritic cells produce more IFN-α/β than A549 cells
during influenza A virus infection (Julkunen et al. 2001). Nonetheless, the synthesis of
IFN-β in influenza A virus-infected A549 cells is readily detected by an RNase protection
assay (present study), and microarray analysis, which is considerably less sensitive than
the RNase protection assay, showed that a substantial number of IFN-induced mRNAs,
specifically including MxA mRNA, are produced (Geiss et al. 2002). As IFN-β
transcription requires activated IRF-3 and NF-κB, these results provide further evidence
that these two transcription factors are activated during influenza A infection, in conflict
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with two studies (Talon et al. 2000; Wang et al. 2000). In addition, our results and the
microarray analyses show that even in the presence of a functional 30-kDa CPSF-binding
site in the wild-type NS1A protein, some IFN-β pre-mRNA escapes the inhibition of
posttranscriptional processing mediated by this binding site. Some posttranscriptional
processing of several other virus-induced cellular pre-mRNAs also occurs in wild-type
influenza A virus infected cells, as detected by microarray analysis, e.g., the production
of cellular mRNAs involved in the STAT and apoptotic pathways (Geiss et al. 2001;
Geiss et al. 2002; Huang et al. 2001).
The observations that some posttranscriptional processing of several virusinduced cellular pre-mRNAs, including IFN-β mRNA, occurs in wild-type influenza A
virus infected cells suggest that the function of the NS1A-binding site for 30-kDa CPSF
is regulated during wild-type virus infection. One possibility is that the inhibition of
posttranscriptional processing of cellular pre-mRNAs is relieved as a result of the
activation of the nuclear export signal (NES) of the NS1A protein (Li et al. 1998). This
NES, which comprised amino acids 137-146 of the NS1A protein, does not function in
uninfected cells, but is activated during virus infection. Activation of the NS1A NES
might cause the nuclear export of those NS1A protein molecules that were imported into
the nucleus at early times of infection, thereby eliminating the inhibition of at least some
CPSF molecules. We are currently testing this hypothesis.
In A549 cells infected by the CPSF mutant virus, IFN-β mRNA is produced
earlier and in larger amounts compared to wild-type virus-infected cells. Because
mutation of the 30-kDa CPSF-binding site in the NS1A protein eliminates the inhibition
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of posttranscriptional processing of cellular pre-mRNAs throughout infection, it is not
surprising that the production of IFN-β mRNA is enhanced in A549 cells infected by the
CPSF mutant virus. The enhanced production of IFN-β would be expected to induce an
antiviral state in neighboring uninfected cells more rapidly and more efficiently, thereby
contributing to the attenuation of the CPSF mutant virus. In addition, our IFN-β mRNA
results with the CPSF mutant virus explain data obtained in a recent microarray analysis
(Geiss et al. 2002). This analysis showed that the amount of IFN-α/β-induced cellular
mRNAs produced during infection by an influenza A virus recombinant that expresses a
truncated NS1A protein was substantially increased compared to that produced by wildtype influenza A virus (Geiss et al. 2002). Because this truncation removes the binding
site for the 30-kDa subunit of CPSF, posttranscriptional processing of IFN-β pre-mRNA
would not be inhibited throughout infection, resulting in increased production of IFNinduced mRNAs.
Because the NS1A protein encoded by the CPSF mutant virus retains the binding
site for the PABII protein, the cellular mRNAs synthesized in cells infected by this
mutant virus should contain short poly(A) tails approximately 10 nucleotides in length.
Regardless, these cellular mRNAs function in translation in the cytoplasm. It is
reasonable to expect that cellular mRNAs containing full-length poly(A) tails would be
produced more efficiently, would be more stable, and/or would be translated more
efficiently. Consequently, it would be predicted that an influenza A virus encoding an
NS1A protein which contains mutated binding sites for both 30-kDa CPSF and PABII
would be more attenuated than the CPSF mutant virus. We are currently generating such
a mutant virus.
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Chapter 3: Identify CPSF30 binding site on the NS1A protein of influenza A virus
as a potential antiviral target*

3.1 Abstract
Emergence of influenza A viruses resistant to the two existing classes of antiviral
drugs highlights the need for additional antiviral drugs, particularly considering the
potential threat of a pandemic by H5N1 influenza A viruses. Here we determine whether
influenza A virus replication can be selectively inhibited by blocking the ability of its
NS1A protein to inhibit the 3′ end processing of cellular pre-mRNAs, including IFN-β
pre-mRNA. Pre-mRNA processing is inhibited via the binding of the NS1A protein to the
cellular CPSF30 protein, and mutational inactivation of this NS1A binding site causes
severe attenuation of the virus. We demonstrate that binding of CPSF30 is mediated by
two of its zinc fingers, F2F3, and that the CPSF30/F2F3 binding site on the NS1A protein
extends from amino acid 144 to amino acid 186. We generated MDCK cells that
constitutively express epitope-tagged F2F3 in the nucleus, although at only
approximately one-eighth the level of the NS1A protein produced during virus infection.
Influenza A virus replication was inhibited in this cell line, whereas no inhibition was
observed with influenza B virus, whose NS1B protein lacks a binding site for CPSF30.
Influenza A virus, but not influenza B virus, induced increased production of IFN-β
mRNA in the F2F3-expressing cells. These results, which indicate that F2F3 inhibits
influenza A virus replication by blocking the binding of endogenous CPSF30 to the
* Significant portions of this chapter have been previously published in Journal of Virology: 80:3957-3965
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NS1A protein, point to this NS1A binding site as a potential target for the development of
antivirals directed against influenza A virus.
3.2 Introduction
Influenza A viruses cause a highly contagious respiratory disease in humans that
results in a significant loss of life each year, and are responsible for human pandemics
that have resulted in higher mortality rates (CDC 2005). Three pandemics occurred in the
twentieth century, in 1918, 1957 and 1968 (Wright and Webster 2001). The 1918
pandemic (“Spanish flu”) was the most devastating, causing at least 20-40 million deaths
worldwide (Reid et al. 2001). H5N1 avian influenza A viruses, which have a human
mortality rate of approximately 50% since 1997 (WHO 2005), are prime candidates for
the next pandemic influenza A virus. At present, H5N1 viruses are not readily
transmissible between humans, but it is quite possible that they can acquire such
transmissability via mutations and/or reassortment of genes with circulating human
influenza A viruses.
The primary means for controlling influenza virus epidemics is vaccination, but
antivirals provide an important additional line of defense, particularly for a rapidlyspreading pandemic (Ferguson et al. 2005; Longini et al. 2005). Only two classes of
influenza virus antivirals are currently available: inhibitors of the viral M2 ion channel
protein (amantadine and rimantadine); and inhibitors of the viral neuraminidase
(zanamivir and oseltamivir) (Wright and Webster 2001). The emergence of influenza A
viruses resistant to the M2 inhibitors occurs at high frequency in treated patients (Cox
and Subbarao 1999; Suzuki et al. 2003). Many of the human isolates of H5N1 viruses are
already resistant to these inhibitors (Puthavathana et al. 2005). In addition, a recent study
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has shown influenza A viruses resistant to the neuraminidase inhibitor oseltamivir
occurred in 20% of the children treated with this drug (Kiso et al. 2004). In fact, H5N1
viruses that are partially resistant to oseltamivir have recently been reported (Le et al.
2005). The emergence of influenza A viruses resistant to these two classes of antiviral
drugs highlights the need for additional antiviral drugs against influenza A virus.
We undertook the present study to determine whether one of the functions of the
influenza A virus-encoded nonstructural protein, or NS1A protein, can be targeted for the
development of antiviral drugs. We focused on the NS1A protein-mediated inhibition of
the 3′ end processing of cellular pre-mRNAs, which results in the inhibition of the
production of functional cellular mRNAs during infection (Nemeroff et al. 1998; Chen et
al. 1999; Shimizu et al. 1999; Noah et al. 2003). As a consequence, the production of
IFN-α/β-independent antiviral mRNAs (e.g., ISG15, p56 and 2′-5′-OAS) is essentially
eliminated, and the production of functional IFN-β mRNA is substantially reduced,
although not eliminated (Noah et al. 2003). The NS1A protein inhibits the 3′ end
processing of cellular pre-mRNAs by binding two cellular proteins: the 30kDa subunit of
CPSF (cleavage and polyadenylation specificity factor) and PABII (poly(A)-binding
protein II) (Nemeroff et al. 1998; Chen et al. 1999). The NS1A sequence centered at
amino acid 186 is required for the binding of the 30kDa subunit of CPSF (CPSF30), and
mutation of this binding site renders the NS1A protein largely inactive in the inhibition of
3′ end processing of cellular pre-mRNAs (Li et al. 2001; Noah et al. 2003). This binding
site is also required for efficient virus replication, because a recombinant influenza A
virus encoding a NS1A protein with a mutated 186 sequence (M186 mutant virus) is
highly attenuated (Noah et al. 2003). This attenuation is most likely due to the enhanced
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production of functional cellular antiviral mRNAs, particularly IFN-β mRNA, that occurs
in M186 virus-infected cells (Noah et al. 2003).
Based on these results, it is reasonable to propose that the CPSF30 binding site of
the NS1A protein is a potential target for the development of antivirals directed against
influenza A virus. Specifically, molecules which block the binding of CPSF30 to this
region of the NS1A protein might be expected to be effective inhibitors of virus
replication. However, it is essential that such inhibitory molecules do not inhibit the
function that CPSF30 carries out in the 3′ end processing of cellular pre-mRNAs. In other
words, these molecules would need to specifically block this viral NS1A function without
affecting cellular pre-mRNA processing.
In the present study we demonstrate that the function of the CPSF30 binding site
of the NS1A protein can be inhibited during influenza A virus infection in vivo, resulting
in the inhibition of influenza A virus replication, without detectable effects on cellular
functions. For these experiments, we utilized a fragment of CPSF30, specifically a 61amino acid sequence comprising the second and third zinc fingers (F2F3) of this protein.
We show that the F2F3 fragment binds specifically and efficiently to the CPSF30 binding
site of the NS1A protein, and does not inhibit the 3′ end processing of cellular premRNAs as measured in transient transfection experiments. Most significantly, we
generated MDCK cells that constitutively express epitope-tagged F2F3 in the nucleus,
and demonstrate that influenza A virus replication is inhibited in these cells. In contrast,
the replication of influenza B virus, whose NS1 protein (NS1B protein) lacks a CPSF30
binding site (Yuan and Krug 2001; Noah et al. 2003), is not inhibited. Influenza A virus,
but not influenza B virus, induced increased production of IFN-β mRNA in the F2F3-
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expressing cells compared to control cells, which is most likely responsible for the
selective inhibition of influenza A virus replication. The F2F3-expressing cells have been
maintained in tissue culture for two years, and we have not observed any effect on their
growth. These results indicate that the CPSF30 binding site of the NS1A protein is a
potential target for the development of small molecule antiviral drugs directed against
influenza A virus.
3.3 Materials and methods
3.3.1 Virus infections
For multiple cycle growth, MDCK cells were infected at a multiplicity of
infection (moi) of 0.001 pfu/cell with either influenza A/Udorn/72, A/WSN/33 or
B/Lee/40 virus, and were incubated in serum-free DMEM supplemented with 2.5 µg/ml
of N-acetylated trypsin (NAT). Incubation was at 37oC for the two influenza A viruses
and at 34oC for influenza B/Lee/40 virus. Maximal yields were obtained after 30-36
hours for the two influenza A viruses, and after 50-60 hours with influenza B virus.
Plaque assays were carried out in MDCK cells. For the plaque reduction assays,
monolayers of MDCK cells were infected with approximately 100 pfu of either influenza
A/Udorn/72, influenza A/WSN/33, or influenza B/Lee/40 virus. After 1 hour of
incubation at 37oC or 34oC, the inoculum was removed, and the cells were overlaid with
1% agarose containing DMEM plus 2.5 µg/ml NAT. The cells were incubated for 3 days
at 37oC for the development of influenza A virus plaques, and for 4 days at 34oC for
influenza B/Lee/40 virus plaques. For single-cycle infections, MDCK cells were infected
with 5 pfu/cell of either influenza A/Udorn/72 or influenza B/Lee/40 virus. After one
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hour incubation, the inoculum was removed, the cells were washed twice with DMEM,
and then overlaid with DMEM.
3.3.2 Glutathione-Sepharose affinity selection
The DNAs encoding the following fragments of CPSF30 were generated by PCR
using appropriate primers: 1-F4 (amino acids 1-145); 1-F3 (amino acids 1-121); 1-F2
(amino acids 1-92); F1-F3 (amino acids 34-121); F2F3 (amino acids 61-121). These
DNAs were then fused in frame (using PCR) into GST in the pGEX3X vector. Each
GST fusion was expressed in E. coli. BL21, and purified as previously described (Qiu
and Krug 1994). The indicated GST fusion protein was mixed with

35

S-labeled NS1A

protein (wild-type, M186 mutant, or M144 mutant), and subjected to GlutathioneSepharose affinity selection as previously described (Nemeroff et al. 1995). To prepare
the labeled NS1A protein, the DNA encoding the indicated NS1A protein was subcloned
into pcDNA3 and translated using a Promega TnT Coupled Transcription/Translation kit
in the presence of (35S) methionine.
3.3.3 Assay for 3′ end cleavage of pre-mRNAs in vivo
293 cells were cotransfected with a pBC12 plasmid containing a human β-globin
gene, and a pcDNA3 plasmid encoding the protein indicated in Figures 3.2A and 3.4
using FuGENE 6 transfection reagent. Transfected cells were collected at 40 hours post
transfection, and RNA was extracted using trizol reagent (Invitrogen). An aliquot of the
total RNA was analyzed by RNase protection using the uniformly labeled RNA probe
shown in Figure 3.2A, which was prepared as previously described (Li et al. 2001). After
annealing this labeled RNA probe to the cellular RNA sample, followed by digestion
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with RNAse A and phenol extraction, the protected RNA fragments were resolved by
electrophoresis on a urea-polyacrylamide (5%) gel.
3.3.4 Generation of a recombinant influenza A/Udorn/72 virus encoding mutant 144
NS1A protein
Position 144 in the NS1A protein of influenza A/Udorn/72 virus was changed
from L to A by PCR mutagenesis, and the resulting DNA was cloned into pHH21. This
plasmid, plus the seven pHH21 plasmids encoding the other Udorn genomic RNAs, was
cotransfected into 293T cells, along with the four plasmids encoding the PB1, PB2, PA
and NP proteins. At 12 hours posttransfection, the media was changed to Opti-MEM
supplemented with 3 µg/ml of NAT. After an additional 24-30 hours, the 293T cells were
overlaid onto MDCK cells for virus amplification. Culture supernatants were collected
when a positive HA assay titer was observed. Viruses were tittered by plaque 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.
3.3.5 Measurement of IFN-β mRNA by real-time quantitative RT-PCR
RNA was isolated from infected cells using the trizol reagent at the indicated
times after infection of MDCK cells. For each sample, 1 µg of total RNA, which
corresponds to equal cell equivalents, was reverse transcribed using an oligo (dT) primer
to generate the DNA complementary to all mRNAs. The amount of IFN-β mRNA was
determined using the TaqMan Gene Expression Assay (Applied Biosystems) using 5′ and
3′ primers specific for canine IFN-β mRNA and a FAM dye-labeled TaqMan MGB
(minor groove binder) internal probe. Real-time PCR analysis was carried out using the
Perkin Elmer/Applied Biosystems 7900HT Sequence Detector.
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3.3.6 Indirect immunofluoresence and confocal microscopy
Cells were fixed with 4% paraformaldehyde for 20 minutes, 0.5% Triton X-100
for another 10 minutes and then incubated with the indicated rabbit or mouse antibody at
37°C for 1 hour. Following three washes in PBS, cells were incubated for 45 minutes
with the secondary antibody, either fluorescein isothiocyanate-conjugated goat anti-rabbit
antibody or rhodamine-conjugated goat anti-mouse antibody. The cells were examined by
confocal microscopy as described previously (Chen et al. 1999).
3.3.7 Generation of a MDCK cell stably expressing the F2F3 protein fragment
The F2F3 protein fragment that was expressed in MDCK cells contained a Nterminal NLS (nuclear localization signal) from the SV40 T antigen (DPKKKKRKV)
linked to the 61 amino acid F2F3 sequence from CPSF30, which in turn was linked at its
C-terminus to 13 myc epitopes. The DNA sequence encoding this F2F3 fragment was
produced using the pAJ1026 plasmid, which contains 13 myc epitopes (13×
EQKLISEEDL) (Longtine et al. 1998). The NLS-F2F3 sequence containing a 5’ EcoRI
site was inserted into the N-terminus of the 13×myc sequence by PCR, which also
generated a 3’ EcoRI site. The fused sequence was excised using EcoRI and inserted into
the EcoRI site of the pcDNA3 plasmid. In addition, as a control, we generated a F2F3
fragment containing a C-to-A mutation in the F2 (amino acid 76) and F3 (amino acid 105)
zinc fingers. Another control was a pcDNA3 plasmid lacking an insert. MDCK cells
were transfected by electroporation with 10 µg of ScaI-linearized plasmid. Forty-eight
hours after transfection, DMEM containing 1.0 mg/ml neomycin sulfate was added, and
the cells were incubated for approximately two weeks, at which time mock-transfected
cells were all dead. Individual stable clones were picked and incubated with 25µl trypsin-
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EDTA followed by plating onto 96-well tissue culture dishes. Each clone was grown and
maintained in DMEM containing neomycin sulphate. For the cells tranfected with the
pcDNA3 containing a F2F3 insert, each cell clone was analyzed by immunoblots using
myc antibody to identify the highest expressing cell clone.
3.4 Results
3.4.1 Identification of the region of CPSF30 that binds to the influenza A virus
NS1A protein
The influenza A virus NS1A protein binds CPSF30, a key component of the
mammalian 3′-end processing machinery (Nemeroff et al. 1998; Li et al. 2001). CPSF30
contains five C3H-zinc-finger repeats (Barabino et al. 1997). To identify the region of
CPSF30 that mediates its binding to the NS1A protein, we expressed GST fusions of Nterminal fragments of CPSF30 in bacteria and used these GST fusions in pulldown assays
with labeled NS1A protein (Figure 3.1A, lanes 3-5). These assays showed that the Nterminal fragment containing zinc fingers 1-3 (1-F3) is the shortest N-terminal fragment
that binds the NS1A protein. Deletion of the region N-terminal to zinc fingers 1-3,
thereby generating the F1-F3 sequence, did not affect binding to the NS1A protein (lane
6), demonstrating that these three zinc fingers alone are sufficient for efficient binding to
NS1A. In fact, the F1 zinc finger is not required, because F2F3, a 61-amino acid
sequence, was sufficient for such binding (lane 7). The binding of F2F3 to NS1A requires
the zinc finger structure, because a C-to-A mutation in either F2 (amino acid 76) or F3
(amino acid 105) greatly eliminated binding (data not shown).
The NS1A sequence centered at amino acid 186 is required for the binding of
CPSF30 (Li et al. 2001; Noah et al. 2003). As shown in Figure 3.1B, the NS1A sequence
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Figure 3.1: Identification of the region of CPSF30 that binds to the 186 amino acid
region of the NS1A protein. (A) GST fusions containing the indicated regions of CPSF30
were mixed with
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centered at amino acid 186 is also required for binding F2F3. Whereas GST-F2F3
efficiently bound labeled wild-type (wt) NS1A (lane 3), no detectable M186 NS1A
protein bound to GST-F2F3 (lane 4).
3.4.2 Identification of the extent of the NS1A sequence that mediates inhibition of 3’
end processing via F2F3 binding
Because the F2F3 fragment of CPSF30 is 61 amino acids long, it was reasonable
to expect that its binding site on the NS1A protein includes amino acids in addition to
those in the M186 region. To determine whether this is the case, we made L-to-A
substitutions at positions upstream (N-terminal) of position 186. The mutated NS1A
proteins were assayed by expressing them in transient transfection experiments to
determine whether they retained the wild-type NS1A protein activity of inhibiting the 3′
end processing of cellular pre-mRNAs. A plasmid expressing β-globin pre-mRNA
provided the target pre-mRNA in these assays. The mutant NS1A protein containing a Lto-A substitution at position 141 retained wild-type activity (data not shown). In contrast,
as shown in Figure 3.2A, the mutant NS1A protein containing a L-to-A substitution at
position 144 (M144) did not inhibit the 3′ end processing of β-globin pre-mRNA, unlike
the wt NS1A protein (compare lanes 2 and 3). In addition, this amino acid substitution
eliminates most of the binding of the NS1A protein to the F2F3 fragment of CPSF30
(Figure 3.2B). Only approximately 5-10% of wild-type binding to GST-F2F3 was
observed with the M144 mutant protein (compare lanes 2 and 6). We conclude that
binding to CPSF30 (as measured by F2F3 binding) and the resulting inhibition of 3′ end
processing of cellular pre-mRNAs is mediated by amino acid 144 of the NS1A protein as
well as by amino acids 184-188 (the 186 region).
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inhibit the 3′ end processing of β-globin pre-mRNA and did not bind the F2F3 fragment
of CPSF30.
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Figure 3.2: The NS1A protein containing a L-to-A substitution at position 144 did not
inhibit the 3′ end processing of β-globin pre-mRNA and did not bind the F2F3 fragment
of CPSF30. (A) 3′ end processing assay. 293 cells were cotransfected with a pBC12
plasmid containing a human b-globin gene, and either an empty pcDNA3 plasmid (lane 1)
or a pcDNA3 plasmid encoding wt NS1A protein (lane 2) or the M144 mutant NS1A
protein (lane 3). The M144 sequence, which is diagramed above, was generated by RTPCR using appropriate primers. RNA was analyzed by RNase protection using the
indicated uniformly labeled RNA probe (270 nucleotides long). The protected RNA
fragments were resolved by electrophoresis on a urea-polyacrylamide (5%) gel. The
positions of the RNA fragments corresponding to the uncleaved and 3′ end cleaved premRNA are indicated. No residual probe containing 270 nucleotides was detected. WB:
the amount of the wt and M144 NS1A proteins was determined by a Western blot using
NS1A antibody. (B) GST pulldown assay. GST-F2F3 or GST was mixed with 35S-labeled
wt, M186 mutant, or M144 mutant NS1A protein as indicated, followed by affinity
chromatography on Glutathione-Sepharose.
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Based on the above results, we generated a recombinant influenza A/Udorn virus
encoding a NS1A protein with a L-to-A substitution at position 144. The M144 mutant
virus is attenuated: it forms pin-point plaques (Figure 3.3A), and the rate of replication
and virus yield at low multiplicity of infection (moi of 0.001 pfu/cell) was approximately
1000-fold lower than with wild-type virus (data not shown). This attenuation is
attributable to the enhanced production of IFN-β mRNA in M144 virus-infected cells
relative to wt virus-infected cells, as measured by quantitative RT-PCR (Figure 3.3B).
During single-cycle virus growth (moi of 5), the amount of IFN-β mRNA produced in
M144 virus-infected cells at 8 and 12 hours post-infection was 12- and 40-times more,
respectively, than that produced in wt virus-infected cells. We used high moi conditions
to ensure that we were measuring the amount of IFN-β mRNA produced per infected cell.
Under these high moi conditions, equal amounts of all viral proteins, including the NS1A
protein, were synthesized in wt virus- and M144 virus-infected cells (Figure 3.3B). The
M144 mutant NS1A protein, like the wt NS1A protein, is localized in the nucleus of
infected cells (Figure 3.3C), demonstrating that the L-to-A substitution at position 144
does not affect the nuclear localization of the NS1A protein.
3.4.3 Inhibition of influenza A virus replication by F2F3
Because F2F3 binds strongly to the 144-186 region of the NS1A protein, we
hypothesized that it would block the access of full-length endogenous CPSF30 to the
NS1A protein and hence inhibit the replication of influenza A virus. To test this
hypothesis, we constructed a plasmid expressing a F2F3 molecule containing a Nterminal nuclear localization signal (NLS) to ensure that the F2F3 is localized in the
nucleus. In addition, we added 13 myc tags at the C-terminus of F2F3 to increase its size
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produced during single cycle growth by M144 and wt virus. MDCK cells were infected
with either M144 or wt virus at a moi of 5, and at the indicated times after infection the
relative amounts of IFN-beta mRNA produced was determined by quantitative RT-PCR.
WB: Western blot analysis of the viral proteins synthesized in wt and M144 virusinfected cells using either an antibody against virion proteins (top) or NS1A antibody
(bottom). (C) Localization of the NS1A protein in cells infected by M144 and wt virus at
8 hours postinfection was determined by indirect immunofluoresence. The primary
antibody was a rabbit polyclonal against the NS1A protein.
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to 249 amino acids and to provide an epitope to analyze its production and localization.
We first carried out transient transfection experiments to determine whether high
expression of this F2F3 protein construct inhibited endogenous CPSF30 function in the 3′
end processing of cellular pre-mRNAs. As shown in Figure 3.4, the F2F3 protein
construct did not inhibit the 3′ end processing of β-globin pre-mRNA, in contrast to the
inhibition observed with the NS1A protein (compare lanes 2 and 3).
Based on the above results, it might be expected that a cell line that constitutively
expresses the F2F3 protein construct would effectively carry out the 3′ end processing of
cellular pre-mRNAs and hence would be viable. Consequently, we generated such a cell
line to determine whether the F2F3 protein construct inhibits influenza A virus
replication. MDCK cells were transfected with a pcDNA3 plasmid expressing the F2F3
protein construct under the control of a CMV promoter. Forty (40) G418-resistant cell
colonies were selected, and were screened by immunoblots using myc antiserum to
identify the cells expressing the highest level of the F2F3 protein construct. The highest
expressing MDCK cell line has been maintained in tissue culture for two years, and has
not exhibited any discernible growth impediment. As shown in Figure 3.5A, the
expressed F2F3 protein construct is localized in the nucleus of these cells, demonstrating
that the NLS at the N-terminus of the F2F3 construct is functional. In contrast, in cells
expressing F2F3 constructs containing shorter epitope tags, e.g., the 3×FLAG epitope, the
F2F3 construct was diffusely distributed throughout the cell and was not localized in the
nucleus (data not shown), which led us to use the 13×myc epitope. Because the putative
target of the F2F3 protein construct is the NS1A protein, we determined whether the
F2F3 protein is expressed at a level comparable to that of the NS1A protein synthesized
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F2F3=NLS-F2F3-13xmyc: 247 amino acids
-

NS1A

F2F3

uncleaved

200

cleaved
100
1

2

3

Figure 3.4: Transient expression of the F2F3 protein fragment did not inhibit the 3′ end
processing of cellular pre-mRNAs. 293 cells were cotransfected with a pBC12 plasmid
containing a human beta-globin gene, and either an empty pcDNA3 plasmid (lane 1) or a
pcDNA3 plasmid encoding wt NS1A protein (lane 2) or the F2F3 fragment (lane 3). The
sequence of the F2F3 protein fragment is diagrammed above. Cells were collected 40
hours post-transfection, and RNA was analyzed by RNase protection as described in the
legend of Figure 2A. The positions of the RNA fragments corresponding to the uncleaved
and 3′ end cleaved pre-mRNA are indicated. No residual probe containing 270
nucleotides was detected.

78

B

A

infected
F2F3
cells 1

GST-13xmyc
2

4

6

8

ng

200

300 ng

NLS-F2F313xmyc

Myc Ab

Myc Ab
infected
F2F3
cells 10

GST-NS1A
25

50

100

NS1A

NS1A Ab

Figure 3.5: Characterization of the F2F3-expressing MDCK cells. (A) Localization of
the F2F3 fragment was determined by indirect immunofluorescence using anti-myc
antibody. (B) Determination of the relative amounts of the F2F3 protein fragment and the
NS1A protein in influenza A virus-infected F2F3-expressing MDCK cells. An aliquot of
the infected cells was analyzed by immunoblots using either anti-myc (left panel) or antiNS1A antibody (right panel). To estimate the amount of the F2F3 protein fragment,
increasing amounts of GST-NLS-13×myc was applied to the anti-myc immunoblot (left
panel). The GST-NLS-13×myc was generated using the pAJ1026 plasmid, which
contains 13 myc epitopes. Based on this immunoblot, as well as another immunoblot
containing 10-30 ng of GST-NLS-13×myc, we estimate that the aliquot from the virusinfected cells contains 10 ng of the F2F3 protein fragment. To estimate the amount of the
NS1A protein, increasing amounts of GST-NS1A protein was applied to the anti-NS1A
immunoblot (right panel). Based on this immunoblot, we estimate that the aliquot from
the virus-infected cells contains approximately 80 ng. Because the molecular weights of
the F2F3 protein fragment and the NS1A protein are approximately the same, the molar
ratio of the F2F3 fragment/NS1A protein was approximately 1/8.
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during influenza A virus infection. The F2F3-expressing cells were infected with
influenza A virus at a moi of 5 to infect all the cells, and at 6 hours post-infection the
amount of the F2F3 protein construct and the NS1A protein were estimated by
immunoblots using either anti-myc or anti-NS1A antibody (Figure 3.5B). Based on the
protein standards, we estimated that on a molar basis the F2F3 construct was present in
approximately one-eighth the amount of the NS1A protein (see legend to Figure 3.5B).
Although this is not an optimal F2F3/NS1A ratio, we determined whether the
replication of influenza A virus is inhibited in these cells. To generate control cell lines,
MDCK cells were transfected with either an empty pcDNA3 plasmid or a pcDNA3
plasmid expressing a NLS-F2F3-13×myc construct containing a C-to-A mutation in the
F2 and F3 zinc fingers, thereby eliminating the ability to bind to the NS1A protein.
G418-resistant cells were then selected. However, the highest level of the mutant F2F3
construct that was expressed was only approximately 10% of the level of the wild-type
F2F3 construct in the cell line analyzed in Figure 3.5. The two control cell lines yielded
identical results in the subsequent assays employed in this paper.
As the first approach to monitor virus replication, we employed a plaque
reduction assay. Monolayer cultures of the control and F2F3-expressing cells were
infected with approximately 100 pfu of either influenza A/WSN/33 virus or influenza
A/Udorn/72 virus per 60-mm culture dish and the viruses were allowed to form plaques
under soft agar. The number of plaques on the F2F3-expressing cells was only
approximately 10% of the number on the control cells (Figure 3.6). To determine whether
this 90% plaque reduction was specific for influenza A virus, we carried out the same
assay with an influenza B virus (B/Lee/40), whose NS1B protein does not bind CPSF30

80

Plaque
reduction

Virus
Control cells

virus yield (pfu/ml)
F2F3 cells / control cells

F2F3 cells

A/WSN/33

90%

2×107 / 9×108

A/Udorn/72

90%

1×107 / 3×108

B/Lee/40

0%

2×108 / 2×108

Figure 3.6: Plaque reduction assays and virus yields after low moi infections in control
and F2F3-expressing MDCK cells. The viruses used in these assays were influenza
A/WSN/33, influenza A/Udorn/72, and influenza B/Lee/40.
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(Yuan and Krug 2001; Noah et al. 2003). No reduction in plaque number of influenza B
virus was observed in the F2F3-expressing cells compared to the control cells. The same
selectivity was observed when virus yields were measured after low moi (0.001 pfu/cell)
infections. The maximal yields of the two influenza A virus strains (36 hours at 37oC) in
the F2F3-expressing cells was 35-60-fold lower than in the control cells (Figure 3.6). In
contrast, the maximal virus yield of influenza B/Lee/40 virus (60 hours at 34oC) was the
same in both the control and the F2F3-expressing cells. We conclude that the replication
of influenza A virus, but not influenza B virus, is inhibited in the F2F3-expressing cells.
The influenza A virus plaques on the F2F3-expressing cells were approximately
the same size as those on the control cells (Figure 3.6), suggesting two possibilities: (1) a
small fraction (approximately 10%) of the F2F3-expressing cells contained suboptimal
levels of the F2F3 fragment that did not block virus replication; or (2) the plaques on the
F2F3-expressing cells were formed by pre-existing virus mutants that were resistant to
inhibition by the F2F3 fragment. To distinguish between these two possibilities, several
individual plaques from the F2F3-expressing cells were reassayed for plaque formation
on control and F2F3-expressing cells. The virus from these plaques behaved identically
to the original influenza A virus stock shown in Figure 6: the number of plaques on the
F2F3-expressing cells was only approximately 10% of the number on the control cells
(data not shown). We conclude that these viruses were still sensitive to F2F3 inhibition.
The most likely interpretation is that approximately 10% of the F2F3-expressing cells
lack sufficient amounts of the F2F3 fragment to inhibit virus replication. It is quite
possible that most of the influenza A virus replication detected in the F2F3-expressing
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cells actually occurs in the small fraction of cells containing suboptimal levels of the
F2F3 fragment.
The selective inhibition of influenza A virus replication in the F2F3-expressing
cells is consistent with our hypothesis that the expressed F2F3 protein fragment
selectively relieves the inhibition of the 3′ end processing of IFN-β pre-mRNA mediated
by the CPSF30 binding site on the NS1A protein. To determine whether this is the case,
we measured the amount of IFN-β mRNA produced per cell during single cycle growth
after high moi infection with influenza A or influenza B virus (Figure 3.7A). The amount
of IFN-β mRNA produced after influenza A virus infection was 3-5-fold higher in the
F2F3-expressing cells than in the control cells. Equal amounts of the NS1A protein were
synthesized after infection of the two cell lines (Figure 3.7B), whereas virus replication
was inhibited approximately 10-fold in the F2F3-expressing cells compared to the control
cells (Figure 3.7C). This level of inhibition is consistent with the 35-60-fold inhibition
observed in the low moi multiple cycle infection. In contrast, the amount of IFN-β
mRNA produced by influenza B virus was the same in the F2F3-expressing and control
cells (Figure 3.7A), and the replication of influenza B virus was not inhibited in the
F2F3-expressing cells (Figures 3.7B and 3.7C). We conclude that enhanced production of
IFN-β mRNA is induced by influenza A virus in the F2F3-expressing cells and that this
enhanced production is most likely responsible for the inhibition of influenza A virus
replication during single cycle as well as multiple cycle infections.
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Figure 3.7: Production of IFN-β mRNA and infectious virus during single-cycle growth
in control and F2F3-expressing cells.
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Figure 3.7: Production of IFN-β mRNA and infectious virus during single-cycle growth
in control and F2F3-expressing cells. (A) The relative amounts of IFN-β mRNA
produced in F2F3-expressing and control cells after high moi infection (5 pfu/cell) with
either influenza A/Udorn/72 or influenza B/Lee/40 virus. (B) Viral protein synthesis in
F2F3-expressing and control cells after high moi infection with either influenza
A/Udorn/72 virus (left panel) or influenza B/Lee/40 virus (right panel). At the indicated
times after infection, cells were washed twice with methionine-free DMEM, 5μl of a
mixture of

35

S-methionine and

35

S-cysteine (Promix, Amersham) was added in a final

volume of 1 ml of serum free DMEM, followed by incubation for 30 minutes. After
incubation, cells were washed twice with PBS and lysed in 200μL of Laemmli sample
buffer. An aliquot was loaded onto SDS-polyacrylamide gels (12-15%) for analysis by
autoradioagraphy. (C) Replication of influenza A/Udorn/72 (left panel) and influenza
B/Lee/40 (right panel) after high moi infection of F2F3-expressing and control cells.
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3.5 Discussion
The goal of this study was to determine whether the site on the influenza A virus
NS1A protein that binds CPSF30 can be targeted to inhibit influenza A virus replication.
The binding of CPSF30 to the NS1A protein results in the inhibition of the 3′ end
processing of IFN-β pre-mRNA, as well as other cellular pre-mRNAs in influenza A
virus-infected cells (Noah et al. 2003). This inhibition is crucial, because influenza A
virus, like several other RNA viruses, efficiently activates the RIG-I RNA helicase (Loo
2005) to trigger the activation of IRF-3 and NF-κB and hence the synthesis of IFN-β
pre-mRNA (Geiss et al. 2002; Kim et al. 2002; Noah et al. 2003; Loo 2005). Because 3′
end processing of the newly synthesized IFN-β pre-mRNA is inhibited by the NS1A
protein, only a low amount of mature IFN-β mRNA is produced (Noah et al. 2003).
Mutational inactivation of the NS1A site for binding CPSF30 results in increased IFN-β
mRNA production and substantial attenuation of the virus (Noah et al. 2003). For
example, as shown here, the L-to-A mutation at position 144 results in a 40-fold increase
in the amount of IFN-β mRNA produced during single cycle virus infection. Because
mutations at both position 144 and in the 186 region of the NS1A protein result in this
phenotype, the CPSF30 binding site on the NS1A protein likely includes the region
between 144 and 186 (Noah et al. 2003). Based on our demonstration that the region of
CPSF30 comprising two of its zinc fingers, F2F3, mediate its binding to this region of the
NS1A protein, we proposed that a protein fragment containing these two zinc fingers
might occupy this NS1A binding site, thereby blocking the binding of full-length
endogenous CPSF30 and inhibiting virus replication.
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To test this hypothesis, we generated a cell line expressing an F2F3 protein
fragment. The highest expressing cell line produced an amount of the F2F3 fragment that
was only one-eighth that of the NS1A protein produced during virus infection, despite
this relatively low level expression, influenza A virus replication was selectively
inhibited in the F2F3-expressing cell line. The most dramatic evidence for this selective
inhibition was obtained using plaque reduction assays. The number of influenza A virus
plaques on the F2F3-expressing cells was only 10% of that on the control cells, whereas
no plaque reduction was observed with influenza B virus. In addition, virus yield after
low moi infection with influenza A virus was reduced 35-60-fold in the F2F3-expressing
cells compared to the control cells, whereas the virus yields of an influenza B virus was
not reduced in the F2F3-expressing cells. Finally, during single cycle growth at high moi
influenza A virus induced the synthesis of 3-5-fold more IFN-β mRNA in the F2F3expressing cells compared to the control cells, and virus replication was inhibited by 10fold in the F2F3-expressing cells. In contrast, influenza B virus did not induce more IFNβ mRNA in the F2F3-expressing cells, nor was its replication inhibited. These results
provide strong support for the model shown in Figure 3.8. Because the F2F3 fragment
binds to the 144-186 region of the NS1A protein, it blocks the binding of full-length
endogenous CPSF30. As a consequence, more IFN-β mRNA is produced, resulting in the
inhibition of virus replication. The replication of influenza B virus is not inhibited
because its NS1B protein lacks a binding site for CPSF30 and hence its F2F3 fragment
(Yuan and Krug 2001; Noah et al. 2003).
The ability of the F2F3 fragment to inhibit influenza A virus replication even
though it is expressed at one-eighth the level of the NS1A protein indicates that targeting
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the F2F3 (and CPSF30) binding site on the NS1A protein is a promising approach for the
development of antivirals directed against influenza A virus. In fact, our results suggest
that influenza A virus replication may occur primarily in a small fraction of the cells that
express suboptimal levels of the F2F3 fragment and that the majority of the F2F3expressing cells are largely resistant to influenza A virus replication. We propose that
small chemical compounds that bind strongly and specifically to the NS1A protein at its
CPSF30 binding site will be effective inhibitors of influenza A virus replication. It is
expected that the concentration of such small chemical compounds that can be achieved
in all cells will greatly exceed the concentration of the F2F3 fragment achieved in the
present study, resulting in a reduction of virus yield similar to that observed with
mutational inactivation of the CPSF30 binding site on the NS1A protein. Further, the lack
of any apparent growth impediment of the F2F3-expressing cells during two years in
tissue culture bodes well for the identification of small chemical compounds that bind
with high specificity to the CPSF30 binding site on the NS1A protein without affecting
the 3’ end processing of host cell pre-mRNAs. It should be pointed out that the present
study has already suggested an assay for the identification of such small molecule
inhibitors of influenza A virus replication, specifically, a high-through-put assay to
identify small chemical compounds that inhibit the binding of the F2F3 fragment to the
NS1A protein. Small chemical compounds directed against the CPSF30 binding site of
the NS1A protein would be expected to inhibit the replication of all strains of influenza A
virus.
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Chapter 4: The NS1A protein of H5N1 viruses has evolved for efficient virus
replication in mammalian cells

4.1 Abstract
Influenza A viruses cause a highly contagious respiratory disease in humans and
are responsible for the periodic wide-spread epidemics, or pandemic, that have caused
high mortality rates. The most devastating pandemic influenza virus occurred in 1918,
and killed an estimated 20 to 50 million of people worldwide. The avian influenza A
viruses (H5N1), which have a human mortality rate of approximately 50% since 1997,
are prime candidates for the next pandemic influenza A virus if they acquire the ability
for efficient human-to-human transmission. The human virus A/HK/483/97 isolate,
which is the initial H5N1 virus that was transmitted from chickens to humans in 1997,
induced much higher gene transcription of proinflammatory cytokines than did H3N2 or
H1N1 viruses, particularly TNF-α and interferon-β (IFN-β). Since our previous studies
found that NS1A protein influences cellular antiviral mRNA production, we analyzed
1918 and H5N1 NS1A proteins to see whether those NS1A proteins possess the same
function compared to the Udorn NS1A proteins. Surprisingly, we discovered that the
NS1A protein encoded by A/HK/483/97 does not bind to CPSF30 and thus does not
inhibit the posttranscriptional processing of host cellular pre-mRNA. As a consequence, a
chimeric Udorn/H5N1 virus that contains only the NS gene from A/HK483/97 virus
induces the production of a high level of IFN-β mRNA and is highly attenuated. In
contrast, the NS1A protein encoded by the pathogenic H5N1 virus isolated in 2004 binds
CPSF30 and inhibits cellular pre-mRNA processing, resulting in decreased production of

90

IFN-β mRNA. Mutagenesis analysis showed that one single amino acid mutation at the
corresponding position 106 from isolucine to methionine in the HK483/97 NS1A protein
retained the binding capability to the CPSF30. We also found out from the influenza A
virus database that H5N1 NS1A protein at the corresponding position 106 switched from
isoleucine to methionine from 1997 to 2004, and the mortality in humans increased from
33% to 65%. These results demonstrate that the NS1A protein of H5N1 viruses acquired
a function between 1997 and 2004 that enhances virus replication in mammalian cells.
4.2 Introduction
Three pandemics occurred in the twentieth century, in 1918, 1957 and 1968
(Wright and Webster 2001). The influenza pandemic of 1918 was exceptional, resulting
in the death of up to 50 million people worldwide, including an estimated 675,000 deaths
in the United States. The pandemic′s most striking feature was the unusually high death
rate among healthy adults aged 15 to 24 years, which consequently lowered the average
life expectancy in the United Stated by more than 10 year (Tumpey et al. 2005).
The avian influenza A viruses (H5N1 viruses), which have now spread from Asia
to Europe and Africa, were transmitted directly from chickens to humans without an
intermediate host, and contain only avian genes (Horimoto and Kawaoka 2005; Noah and
Krug 2005; Krug 2006). These viruses, which have so far been transmitted largely from
chickens to humans, are highly virulent, resulting in the death of approximately 50% of
infected humans. They are strong candidates for causing the next pandemic if they
acquire the ability for efficient human-to-human transmission.
Several studies have been directed at identifying the molecular determinants of
the high virulence of the 1918 and avian influenza viruses. Several virus-encoded
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proteins will likely contribute to virulence in humans, because previous studies have
shown that the virulence of influenza A virus is polygenic (Noah and Krug 2005). Some,
but not all of these determinants have been identified. The hemagglutinin (HA) protein,
the major surface glycoprotein of the virus, plays a key role in the virulence of both the
1918 and avian influenza viruses. The H5 HA possesses one of these intrinsic virulence
determinants. This HA contains a stretch of basic amino acids adjacent to the site at
which the HA is cleaved into its two subunits. The presence of these basic amino acids
allows the H5 HA to be cleaved by ubiquitous intracellular proteases, including furin
(Stieneke-Grober et al. 1992). Recombinant H5N1 viruses lacking these basic amino
acids are no longer virulent in mice (Hatta et al. 2001), demonstrating that the presence of
these amino acids is required for the virulence of these viruses. However, although the
presence of this basic amino acid sequence in the HA is required for virulence, it is not
sufficient (Hatta et al. 2001). Furthermore, because the H5 type of HA is avian influenza
A virus has not been found in previously circulating human influenza A virus strains,
human are potentially susceptible to infection by these viruses due to no previous
antibody memory.
One of the viral polymerase proteins, the PB2 protein, was also implicated in the
virulence of the H5N1 and 1918 viruses. The presence of a lysine, rather than a glutamic
acid, at position 627 of the protein is required for virulence in mice, thought not in ferrets
(Hatta et al. 2001; Shinya et al. 2004). It is not known how the presence of lysine at this
position in PB2 might contribute to virulence. In addition, there may be molecular
changes that occur as the virus evolves during human infection, and these changes could
potentially increase or decrease virulence. The evidence shows the virulence can not be
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ascribed to a single viral gene, but requires a combination of multiple viral genes. More
than one virus-induced effect on the host may be required for virulence and/or virulence
may require that two or more viral proteins undergo specific interactions with each other.
As described previously in this thesis, the NS1A protein plays a large role in
countering host antiviral response and thus plays a role in virulence. The NS1A protein is
a multi-functional protein which contains two functional domains: an RNAbinding/dimerization domain at the amino terminus (Hatada et al. 1992; Wang et al. 1999)
and effector domain in the carboxyl half. The evolution of present human NS1A genes
can be traced to 1918 when H1N1 type viruses emerged and became pandemic (Kawaoka
et al. 1998; Tumpey et al. 2005).
At early stages of infection, NS1A protein is targeted to the nucleus, where it
counteracts the host cell antiviral response by inhibiting pre-mRNA processing and
nuclear export of host cellular mRNAs, including antiviral interferon-β (IFN-β) mRNAs
(Nemeroff et al. 1998; Chen et al. 1999; Shimizu et al. 1999; Chen and Krug 2000; Li et
al. 2001; Kim et al. 2002; Noah et al. 2003; Twu et al. 2006). The N-terminus of the
NS1A protein retains dsRNA-binding activity and provides protection against the host
antiviral response by sequestering dsRNA away from 2′-5′ OAS (Min and Krug 2006).
Therefore, the C-terminus of the NS1A protein inhibits IFN-β expression and the Nterminus of the NS1A protein inhibits the downstream IFN-induced antiviral response.
Consequently, NS1A is responsible for rendering influenza A virus resistant to the
antiviral activity of the IFN-induced 2′-5′ OAS/RNase L pathway (Min and Krug 2006).
Our approach to elucidating the role of virus-specific proteins in virulence is to
focus initially on a single gene product, the NS1 gene. The influenza A virus NS1A
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protein binds CPSF30, a key component of the mammalian 3′ end processing machinery.
CPSF contains five C3H-zinc finger repeat and as described previously, the second and
third zinc finger domains (F2F3) are required for binding the Udorn NS1A protein. As
expected, we found that the influenza A/Vietnam/1203/04 (VN2004) and 1918 NS1A
proteins bind F2F3 in a GST-pull down experiment and also inhibit 3′ end processing of
pre-mRNAs as assayed in transient transfection experiments. In contrast, the influenza
A/HK483/97 (HK483/97) NS1A protein does not bind F2F3, nor inhibit 3′ end
processing of pre-mRNAs. We also determined whether these functional differences
between these NS1A proteins affect virus replication by generating chimeric
Udorn/H5N1 viruses containing only the NS gene from either HK483/97, VN2004 or
1918. We found the HK483/97-NS chimeric virus induced high levels of IFN-β mRNA
and was attenuated, whereas the VN2004-NS and 1918-NS chimeric viruses induced low
levels of IFN-β mRNA and was not attenuated. A single amino acid change at the
position 106 in the HK483/97 NS1A from I to M rendered it capable of binding one of
the cellular 3′ end processing factors, 30kDa CPSF. As a consequence, we expect a
chimeric Udorn/HK483/97-NS virus expressing this mutated version of the HK483/97
NS1A protein should not be attenuated and should inhibit the 3′ end processing of IFN-β
pre-mRNA. We are currently testing this hypothesis.
4.3 Results
4.3.1 Determine whether HK/483/97, VN-2004, or 1918 NS1A proteins bind to the
CPSF30 and inhibit cellular pre-mRNA 3′ end processing
The human influenza A virus NS1A protein binds 30kDa subunit of CPSF
(CPSF30), a key component of the mammalian 3′ end processing machinery (Li et al.
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2001; Nemeroff et al. 1998). Our previous data showed that the region of CPSF30
comprising two zinc finger domains, F2F3, mediate its binding to this region of the
NS1A protein (Twu et al. 2006). To determine whether 1918 or H5N1 NS1A proteins
bind to the F2F3, we expressed GST-fusion of the CPSF30-F2F3 in bacteria and used
these GST fusion proteins in pulldown assays with

35

S Met- and Cyc- labeled NS1A

protein (Figure 4.1A, lane2, 4, 6, and 8). This assay demonstrated that the VN2004 and
1918 NS1A proteins bind F2F3 (Figure 4.1A, lane 4 and 8), whereas the HK483/97
NS1A protein does not bind F2F3 (Figure 4.1A, lane 6) in a GST-pull down experiment.
To determine whether the H5N1 or 1918 NS1A proteins inhibit 3’end processing
of pre-mRNAs in vivo, the H5N1 or 1918 NS1A proteins were expressed via transient
transfection experiments of pcDNA3 polII expression plasmids in 293 cells. A plasmid
expressing β-globin pre-mRNA provided the target pre-mRNA in this assay. RNA was
extracted using trizol reagent and analyzed by RNase protection. The results showed that
the VN2004 and 1918 NS1A proteins, like the Udorn NS1A protein, inhibited 3′ end
processing (Figure 4.1B, lane 4 and lane 5). In contrast, HK/483/97 NS1A protein did not
inhibit the 3′ end processing of β-globin pre-mRNA (Figure 4.1B, lane 3). The same
result was obtained using quail embryonic fibroblast cells (data not shown),
demonstrating that the HK 483/97 NS1A protein did not inhibit 3′ end processing of premRNAs in avian as well as mammalian cells. Western blot confirmed similar protein
expression levels as detected by anti-Flag antibody. Due to sequence variability, the antiUdorn NS1A antibody did not detect other NS1A proteins as efficiently as Udorn,
especially VN2004 NS1A (Fig. 4.1B).
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Figure 4.1: The VN2004 and 1918 NS1A protein, but not the HK483/97-NS1A protein
binds F2F3 and inhibits 3′ end processing of pre-mRNAs. (A) GST-F2F3 or GST was
mixed with 35S-labeled NS1A protein encoded by different strains of influenza A virus as
indicated, followed by affinity chromatography on Glutathione-Sepharose. (B) 3′ end
processing assay. 293 cells were cotransfected with a pBC12 plasmid containing a human
β-globin gene, and either an empty pcDNA3 plasmid (lane 1) or a pcDNA3 plasmid
encoding Udorn (lane 2), HK483/97 (lane 3), VN2004 (lane 4), or 1918 NS1A protein
(lane 5). Detail is the same as described previously. WB: the amount of the NS1A
proteins was determined by a Western blot using either FLAG or Udorn NS1A antibody.
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4.3.2 Characterization of the chimeric virus containing only the NS gene from either
HK483/97, VN2004 or 1918
In order to determine whether the functional differences between the NS1A
proteins affect virus replication, we generated chimeric Udorn/H5N1 or Udorn/1918
viruses containing all Udorn segment except the NS gene which was replaced with either
HK483/97, VN2004 or 1918. The VN2004-NS and 1918-NS chimeric viruses were not
attenuated, but the HK483/97-NS chimeric virus was attenuated and formed pin-point
plaques (Figure 4.2A). The HK483/97 chimeric virus rate of replication and virus yield at
low multiplicity of infection (moi of 0.001 pfu/cell) was approximately 100-fold lower
than Udorn wild-type, VN2004-NS and 1918-NS chimeric viruses (Figure 4.2B), as
measured in MDCK cells. This attenuation is at least partially attributable to the
enhanced production of IFN-β mRNA in HK483/97-NS chimeric virus-infected cells
relative to wt Udorn virus-infected cells as measured by quantitative RT-PCR (data not
shown). We used single cycle growth under high moi (moi of 5) conditions to measure
the amount of IFN-β mRNA produced per infected cell. The amount of IFN-β mRNA
produced in HK/483/97-NS chimeric virus-infected cells at 9 and 12 hours post-infection
was 7- and 17-times more, respectively, than that produced in 1918-NS chimeric virusinfected cells (Figure 4.2C). These infection results support the in vitro pull down assay:
because HK483/97 NS1A does not bind CPSP30 and a larger amount of IFN-β mRNA is
produced during infection by the HK483/97-NS chimeric virus. In addition, a chimeric
virus containing only the 1918 NS gene induced significantly less IFN-β mRNA than the
VN2004-NS chimeric virus, indicating that the 1918 NS1A protein binds CPSF30
stronger and inhibits 3′ end processing more efficiently.
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Figure 4.2: Characterization of the HK/483/97, VN2004, and 1918 chimeric viruses.

98

C
20
NS-udorn
NS-HK
NS-VN

IFN-beta mRNA ratio to 1918

16

NS1918

12

8

4

0
3

6

9

12

time (hrs)

Figure 4.2: Characterization of the HK/483/97, VN2004, and 1918 chimeric viruses. (A)
Plaques formed by wild-type Udorn, HK/483/97, VN2004, and 1918 chimeric viruses on
MDCK cells. (B) Multiple cycle growth curve of wild-type Udorn, HK/483/97, VN2004,
and 1918 chimeric viruses in MDCK cells. The multiplicity of infection was 0.001
PFU/cells. Virus production was measured by plaque assays in MDCK cells. (C) The
relative amounts of IFN-beta mRNA produced during single cycle growth by wild-type
Udorn, HK/483/97, VN2004, and 1918 chimeric viruses. MDCK cells were infected with
either wild-type Udorn, HK/483/97, VN2004, and 1918 chimeric viruses at a moi of 5,
and at the indicated times after infection the relative amounts of IFN-beta mRNA
produced was determined by quantitative RT-PCR.
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4.3.3 Inhibition of VN2004-NS and 1918-NS but not HK483/97-NS chimeric virus
replication by F2F3
The F2F3 fragment binds specifically and efficiently to the CPSF30 binding site
of the NS1A protein, and inhibits the 3′ end processing of cellular pre-mRNAs as
measured in transient experiments (Twu et al. 2006). To determine if this binding site on
NS1A could be a drug target, we generated MDCK cells that constitutively express
epitope-tagged F2F3 in the nucleus (Twu et al. 2006). Prior to generating the F2F3expressing cells, as the control we generated epitope-tagged F2F3C76, 125A (C to A
mutation at amino acid 76 and 105) which can not bind the NS1A protein and the empty
plasmid lacking the insert. We also confirmed the construct used in this study by itself
does not inhibit 3′ end processing (Twu et al 2006). With a chimeric 1918-NS virus and a
chimeric VN2004-NS virus replication was inhibited in the F2F3-expressing cell line, the
number of both chimeric influenza virus plaques on the F2F3-expressing cells were only
10% of that of the control cells (Figure 4.3). In contrast, a chimeric HK483/97-NS virus
produced the same number of plaques in both cell lines (Figure 4.3), verifying that this
chimeric virus lacks a F2F3/CPSF binding site on its NS1A protein.
4.3.4 Determine which amino acid required for HK483/97 NS1A to bind F2F3
The F2F3 binding site in the NS1A protein (144-186 amino acids) of the
HK483/97 virus differs only slightly from that of VN2004, and therefore it is not evident
which amino acid difference accounts for the functional difference observed (Twu et al.
2006 and Figure 4.4A). One possibility is that a mutation in another region of the NS1A
protein alters its structure to disrupt the F2F3 binding site. The HK/483/97 and VN/2004
NS1A proteins differ at 29 positions, and the VN2004 NS1A protein is truncated due to a
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Figure 4.3: Plaque reduction assays and virus yields after low moi infections in control
and F2F3-expressing MDCK cells. The viruses used in these assays were influenza
A/Udorn/1918-NS chimeric virus, influenza A/Udorn/VN2004-NS chimeric virus, and
influenza A/Udorn/HK483/97-NS chimeric virus.
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stop codon at position 221 (Figure 4.4A). We decided to make changes globally in the
HK483/97 NS1A to determine which amino acid changes in the NS1A protein of H5N1
viruses affect the CPSF30 binding, the inhibition of 3′ end processing of IFN-β premRNA, and the attenuation of virus replication in mammalian cells in tissue culture. We
divided those mutations into four groups: G1, G2, G3 and G4 as described in Fig. 4.4A.
A GST-pull down assay showed that the G2 double mutant in the HK/483/97 NS1A,
L103F and I106M, was the only mutation group that enabled the HK/483/97 NS1A
protein to bind F2F3 (Figure 4.4B).
We determined whether changing either amino acid 103 or 106 alone in the
HK/483/97 NS1A was sufficient for gaining F2F3 binding activity. We found that
changing the amino acid at position 106 from I to M was sufficient, whereas changing
amino acid 103 from L to F had no effect on F2F3 binding by GST pull down (Figure
4.4C). To verify that this mutated version of the HK/483/97 NS1A protein inhibits 3′ end
processing of IFN-β pre-mRNA during infection, we are generating a chimeric UdornHK/483/97 virus expressing this mutated version of the HK/483/97 NS1A protein to test
whether this induces lower amounts of IFN-β mRNA and is no longer attenuated.
In order to establish whether the inability to bind F2F3 was a property shared with
other avian NS1A proteins, we tested a putative precursor to the HK483/97 NS1A protein,
A/Teal/W312/97 (H6N1). The Teal/97 NS1A also did not bind F2F3 in vitro and did not
inhibit 3′ end processing of pre-mRNAs in transient transfection experiments. This NS1A
protein also contains L103, and I106. We tried to generate a chimeric Udorn/Teal/97
virus containing the Teal/W312/97 NS gene, but this chimeric virus was severely

104

attenuated and formed minuscule plaques that could not be amplified to prepare a useable
stock virus (data not shown).
4.4 Discussion
The binding of CPSF30 to the NS1A protein results in the inhibition of the 3′ end
processing of IFN-β pre-mRNA, as well as other cellular pre-mRNAs in influenza A
virus-infected cells (Noah et al. 2003). This inhibition is crucial, because influenza A
virus, like several other RNA viruses, efficiently activates the RIG-I RNA helicase (Loo
et al. 2005) to trigger the activation of IRF-3 and NF-κB and hence the synthesis of IFNβ pre-mRNA (Geiss et al. 2002; Kim et al. 2002; Noah et al. 2003; Loo et al. 2005).
Because 3′ end processing of the newly synthesized IFN-β pre-mRNA is inhibited by the
NS1A protein, only a low amount of mature IFN-β mRNA is produced (Noah et al. 2003).
Here, our data demonstrates that the VN2004 and 1918 NS1A protein, but not the
HK483/97 NS1A protein, inhibits 3′ end processing of cellular pre-mRNAs. As a
consequence, the HK483/97-NS chimeric virus induces high levels of IFN-β mRNA and
is attenuated. The rate of replication and virus yield for the HK483/97-NS chimeric virus
at low multiplicity of infection is approximately 100- fold lower than Udorn wild-type,
VN2004-NS and 1918-NS chimeric virus. A single amino acid change at position 106
from I to M in the HK483/97 NS1A protein rendered it capable of binding the F2F3
fragment of CPSF30. We are in the process of determining whether a chimeric
HK483/97-NS virus expressing this mutated version of the HK483/97 NS1A protein
induces lower amounts of IFN-β mRNA and is not attenuated as would be expected.
The A/Teal/97 NS1A protein, a putative precursor to the HK483/97 NS1A protein,
also does not bind F2F3, and does not inhibit the 3′ end processing of cellular pre-
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mRNAs. A recombinant chimeric Teal97-NS virus was so attenuated that it formed
extremely small plaques, and could not be amplified. This suggests that the Teal97 NS1A
protein contains one or more amino acids that inhibit its ability to function in mammalian
cells in the presence of Udorn genes, whose host is mammalian. We intend to identify the
amino acids in Teal97 NS1A protein to determine why this avian NS1A protein needs to
acquire certain mutations before it can function efficiently in mammalian cells.
Our results also demonstrated that the chimeric 1918 NS virus induced
significantly less IFN-β mRNA than either the Udorn virus or the VN2004-NS chimeric
virus (Figure 4.2C), suggesting that the 1918 NS1A protein binds F2F3/CPSF30 better,
resulting in more efficient inhibition of 3′ end processing. This also indicates that it might
be possible for the H5N1 NS1A protein to continue to evolve such that it inhibits the 3′
end processing of IFN-β pre-mRNA more effectively, i.e., similar to the 1918 NS1A
protein. Consequently, we are also testing which NS1A amino acids are responsible for
this reduced level of IFN-β mRNA. This reduced level of IFN-β mRNA production could
potentially increase virulence in mammalian organisms, because it would further repress
the innate antiviral response.
Base on the H5N1 NS1A protein sequences in the database from 1997 to 2005,
we found out the amino acid at position 106 switched from isoleucine to methionine
during this period of time (Table 4.1). In 1997, the H5N1 caused approximately 33%
mortality rate, and in 2004, the mortality rate increased to 65%. This suggests that
methionine at position 106 is much more virulent. Our results demonstrate that the NS1A
protein in H5N1 viruses has evolved a function between 1997 and 2004 that reduces IFN
production and this enhances virus replication in mammalian cells. This raises
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NS1A PROTEINS OF H5N1 VIRUSES
AMINO ACID AT POSITION 106*
YEAR

I (ISOLEUCINE)

M (METHIONINE)

1997

28

1

1998

0

1

1999

0

5

2000**

2

13

2001

0

47

2002

0

33

2003

1

29

2004

2

140

2005

0

78

* Actually the position corresponding to 106
** One virus had v (valine) at this position

Table 4.1: NS1A protein of H5N1 virus amino acid sequence at position 106.
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several issues: are other adaptations for human cell replication occurring in other viral
proteins? Will the NS1A protein of H5N1 virus evolve further to possess 1918-like
inhibition of IFN production, and hence potentially enhanced human virulence?
Our results also suggest that other proteins of H5N1 viruses have adapted for
efficient human cell replication, because a chimeric virus containing all the internal genes
from HK1997 (PB1, PB2, PA, NP, M and NS) is not attenuated. A goal is to determine
how these other HK1997 gene products, unlike their Udorn counterparts, overcome the
attenuation caused by the HK1997 NS1 gene.
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Summary
Influenza A virus causes a highly contagious respiratory disease in humans.
Different strains of influenza A viruses vary widely in their virulence. Thus, the currently
circulating H3N2 and H1N1 viruses are much less virulent than the 1918 virus, which
caused an estimated 20 to 40 million deaths worldwide in the 1918-1919 pandemic, or
the H5N1 virus (avian influenza virus), which has approximately a 50% mortality rate in
humans since 1997. Unfortunately, the molecular determinants of the virulence of
influenza A viruses are not well understood. The consensus from most studies is that
influenza virus virulence is polygenic, i.e., several virus-specific proteins, or by their
functional interactions with other virus-specific and/or host proteins, contribute to
virulence.
It has been previously shown that influenza A viruses, like many mammalian
viruses, induce IFN-α/β independent activation of IRF-3 and transcription of the IFNα/β–stimulated response element (ISRE)-controlled cellular gene. This is one of the
cellular defenses against infection by mammalian viruses and takes place initially in
infected cells prior to the synthesis of IFN-α/β. In addition, influenza A viruses are
unique in the inhibition of the posttranscriptional processing of these cellular antiviral
pre-mRNAs. It suggests that this global inhibition of the early, IFN-α/β-independent
cellular antiviral response by influenza A virus may be an important factor in the
pathogenicity of influenza A virus infection.
Virus infection of mammalian cells activates transcription factors that induce
expression of the IFN-α and IFN-β genes. Viruses can be presumed to mount
countermeasures to inhibit the production of IFN-α/β by the cell to win the intracellular
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warfare between mammalian cells and viruses. The NS1A protein of the influenza A
virus mounts such a countermeasure, by inhibiting the 3′ end processing of cellular premRNAs, including IFN-β pre-mRNA. Nonetheless, some posttranscriptional processing
of several virus-induced cellular pre-mRNAs, including IFN-β mRNAs, occurs in wildtype influenza A virus infected cells, demonstrating that the inhibition of
posttranscriptional processing of cellular pre-mRNAs is incomplete.
The NS1A protein encoded by influenza A virus has two functional domains: at
the amino terminus domain containing an RNA-binding/dimerization domain and a
carboxyl terminus domain containing an effector domain. The effector domain of the
NS1A protein binds two essential components of the machinery of the cellular 3′ end
processing of pre-mRNAs: the 30kDa subunit of CPSF and PABII. The subsequent
inhibition of CPSF and PABII function inhibits the 3′-end processing of the cellular premRNAs in virus-infected cells. As a result, cellular pre-mRNAs are not cleaved, and
nuclear export of those mRNAs is inhibited. The binding sites of these two cellular
proteins in the 237 amino acid long NS1A protein have been identified: the binding site
for the 30kDa subunit of CPSF is 144-to-186 amino acid and the PABII-binding site is
located in the 223-237 amino acid region.
In eukaryotes, the mature 3′ ends of cellular mRNAs are generated by 2 steps of
reactions including endonucleolytic cleavage of a primary transcript and subsequent
polyadenylation of the 5′ cleavage product by poly (A) polymerase. Both steps of premRNA 3′ end formation require CPSF, which can recognize the cleavage and
polyadenylation signal AAUAAA hexamer via its 160 kDa subunit and possibly its
30kDa subunit. The 30kDa subunit sequence contains five C3H-zinc-finger motifs and a
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putative RNA-binding zinc knucle motif at the carboxyl terminus. In our studies, we
demonstrated that the NS1A protein interacts with the second and third C3H-zinc-finger
motifs (F2F3) of the 30kDa subunit of CPSF.
We established a stable cell line that constitutively expresses F2F3 peptides to
inhibit the function of NS1A proteins in influenza A virus- infected cells. As a control,
we used F2F3C76, 105A, mutant form of F2F3 which does not bind NS1A proteins and
the empty plasmid lacking the insert. Our data showed that the replication of influenza A
virus is inhibited, and significantly higher amount of IFN-β mRNA is produced in F2F3expressing cells compared to the control cells. These results indicate that the F2F3
peptide can physically associate with the NS1A protein in vivo and block the access of
the NS1A protein to endogenous full-length CPSF30. Consequently, it is likely that the
disruption of the binding capability of the NS1A protein for the 30kDa subunit of CPSF
would be a potential drug design target site to prevent the influenza virus infection.
H5N1 strains of avian influenza A virus have already caused the deaths of more
than 100 people since the outbreak of infection in southeast Asia in 1997, corresponding
to a death rate of approximately 50% for known infections. These viruses, which have
now spread from Asia to Europe and Africa, are strong candidates for causing the next flu
pandemic if they acquire the ability for efficient human-to-human transmission. A major
result obtained here was the demonstration that the NS1A protein in H5N1 viruses
acquired a function between 1997 and 2005 that enhances virus replication in mammalian
cells and potentially increases human virulence. These results highlight the necessity to
develop a high through-put assay to identify small chemical compounds that inhibit the
binding of the F2F3 fragment to the NS1A protein in order to inhibit the all influenza A
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virus, including current circulating H5N1 strains and prevent the future highly pathogenic
mutated strains. In addition, the search for other molecular determinants of the virulence
of H5N1 viruses in humans will undoubtedly continue.
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