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1. Introduction
The influenza virus types A, B, and C belong to the family Orthomyxoviridae. Influenza B and
C viruses are predominantly human pathogens, whereas influenza A virus spreads not only
in humans but also in many animals, including birds and pigs. This characteristic of
influenza A viruses is a major cause of influenza pandemics in humans. Influenza A viruses
are responsible for periodic widespread epidemics, or pandemics, which have taken the
form of respiratory diseases with cold-like symptoms, but also sometimes serious disease
with high mortality rates (Webster et al., 1992). Four outbreaks of influenza occurred in the
last and current centuries: Spanish influenza (H1N1) in 1918, Asian influenza (H2N2) in
1957, Hong Kong influenza (H3N2) in 1968, and H1N1 influenza in 2009. Recently, an
influenza pandemic was caused by swine influenza (H1N1) in 2009, and according to the
European Centre for Disease Prevention and Control, so far this global pandemic brought
on 1.2 million infections and took the lives of more than fourteen thousand people. A strong
sense of fear pervaded, but many lessons were learned from this pandemic. For example,
this pandemic illustrated once again that the available vaccines against influenza virus
were not completely effective for the prevention of influenza outbreaks, due to the
extraordinarily rapid mutation rate that influenza viruses possess (Steinhauer & Holland,
1987). In addition, we did not have enough efficient antiviral drugs to cover all of the
people infected (Stiver, 2004). On the other hand, there had been avian influenza (H5N1)
infections in humans several years ago in Southeast Asia (Tran et al., 2004), and,
importantly, that virus caused a high mortality rate. Putting it all together, in the face of
the persistent threat of human influenza A infections, and moreover, the possibility of
outbreaks of an avian influenza (H5N1) pandemic (Ungchusak et al., 2005; Wang et al.,
2008), there is much concern about the shortage of effective anti-influenza virus agents,
and for this reason, the development of novel anti-influenza virus agents is being strongly
demanded.
Influenza A virus is a negative-stranded RNA virus with an eight-segmented genome that
encodes 12 different proteins, including polymerase basic (PB)1, PB1-F2, an N-terminally
truncated version of the polypeptide (N40), the translation of which is directed by PB1
codon 40, PB2, polymerase acidic protein (PA), hemagglutinin (HA), nucleoprotein (NP),
neuraminidase (NA), matrix protein (M)1, M2, nonstructural protein (NS)1 and NS2 (Wise
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et al., 2009) (Fig. 1b). Nine of these proteins are incorporated into the virion. The influenza
virus particles, which are ~100 nm in diameter, form by budding from the plasma
membrane of infected cells (Fig. 1a). On the surface of the virion, there are two main
antigenic determinants, the spike glycoproteins HA and NA. There are considerable
antigenic variations among influenza viruses consisting of 16 different types of HA (H1H16) and 9 different types of NA (N1-N9) (Fouchier et al., 2005; Hinshaw et al., 1982;
Kawaoka et al., 1990; Rohm et al., 1996; World Health Organization, 1980). In addition,
another viral protein is inserted in the viral membrane: M2, a low-abundance ion channel
involved in uncoating and HA maturation (Fig. 1b). Underlying the membrane is the matrix
or M1 protein, the major structural component of the virion, which is thought to act as an
adaptor between the lipid envelope and the ribonucleoprotein (RNP) complexes and is
probably the mediator of virus budding (Gómez-Puertas et al., 2000). Inside the shell of M1
lie the viral RNP complexes (vRNPs), which comprise the genomic RNA segments in
association with a trimeric RNA polymerase (PB1, PB2 and PA subunits) and the
stoichiometric quantities of NP (Fig. 1c). Also found in the virion are small quantities of the
NEP and NS2 proteins.
The surface proteins HA, NA, and M2 are the targets of vaccines and anti-viral drugs. Two
classes of drugs including adamantanes (amantadine and rimantadine) and NA inhibitors
(oseltamivir, zanamivir, peramivir, and laninamivir) are available for the treatment of the
influenza infection (Kubo et al., 2010; Vanvoris et al., 1981; Wingfiel et al., 1969; Yamashita,
2011). Because the adamantanes exert several toxic effects on the central nervous system
(Bryson et al., 1980; Keyser et al., 2000) and also because of the emergence of resistant
variants (Bright et al., 2005, 2006), the use of these drugs is limited. Currently, the NA
inhibitors are used widely for drug therapies to treat influenza patients because of high
inhibitory effects and little toxicity. However, resistant strains, and especially oseltamivirresistant strains, have also been reported in recent years (Besselaar et al., 2008; Dharan et al.,
2009; Hauge et al., 2009; Hurt et al., 2009). The fact that available drugs target only two steps
of the viral life cycle, along with the appearance of oseltamivir-resistant influenza strains,
strongly highlights the need for treatment alternatives or novel antiviral drugs targeting
other proteins besides M2 or NA.
In contrast to the surface proteins, after entry into the cytoplasm, the vRNPs are imported
into the nucleus for the production of viral messenger RNAs. RNA polymerases, such as
PB1, PB2, and PA, transcribe and replicate the virus genome, while NP encapsidates the
virus genome to form an RNP complex for the purposes of transcription and packaging.
Thus, influenza virus transcription and replication are initiated after transport to the nucleus
of vRNPs. A promising target for blocking influenza A viruses is the NP, which is expressed
in the early stage of infection and plays important roles in numerous steps of viral
replication. NP preserves viral genomic RNA (vRNA) stability and contains many
functional domains in its sequence, such as a nuclear localization signal (NLS), an RNA
binding site, an NP-NP binding site, and a PB2 binding domain. In addition, NP is relatively
well conserved compared with viral surface spike protein. Here, we summarize current
knowledge about influenza therapy, the functions of NP involved in the nuclear-import step
of influenza virus replication, and how this could facilitate the discovery of a new small
molecule involved in influenza replication.
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(a) Influenza virus particles (A/WSN/33) were isolated by sucrose density gradient ultracentrifugation,
and purified particles were observed by electron microscope with uranyl acetate-staining. (b) Model of
influenza virus particle. The particle contains eight segments that make up the RNA genome. There
were three major proteins (HA, NA, and M2) on the surface of the viron. (c) Diagram of the viral
ribonucleoprotein (vRNP). The vRNA is associated with NP, PB2, PB1, and PA, which are composed of
vRNPs.

Fig. 1. Electron microscopy and model of influenza virus particles.

2. Viral life cycle
Influenza A virus is one of the rare RNA viruses that replicate in the nucleus. The design of
effective anti-influenza virus therapeutics is based on detailed knowledge of the biology of
the virus. Fig. 2 shows the viral life cycle of the influenza virus. Generally, the influenza
virus is adsorbed to the host cell through the binding of HA glycoproteins with sialic acid
groups as receptors on the host cell, which are distributed on membrane-bound proteins
and lipids. Then, the influenza virus is taken up into host cells through receptor-mediated
endocytosis (Matlin et al., 1981). In the acidic environment of the endosome, HA changes to
the active form and promotes fusion of the viral envelope with the endosomal membrane
(Stegmann et al., 1987; White et al., 1982). The acidification of the endosome is necessary not
only for the membrane fusion of HA but also the activation of the M2 ion channel. The
activation of the M2 ion channel leads to proton entry into the virions, which causes
uncoating of the vRNPs (Bui et al., 1996; Pinto et al., 1992). All vRNA are associated with the
NP, which is bound at a distance of 24 nucleotides (Compans et al., 1972; Ortega et al., 2000).
It is also suggested that vRNA is associated with trimeric RNA polymerase, which are
composed of vRNPs (Klumpp et al., 1997). Influenza virus transcription and replication are
initiated after the transport of vRNPs into the nucleus. After uncoating, the vRNPs are
transported into the nucleus through importin / transport systems, where they undergo
transcription and replication (Herz et al., 1981; Martin & Helenius, 1991). Transcription of
vRNA requires capped RNA primers snartched from cellular pre-mRNAs and premature
poly(A) termination of transcripts (Bouloy et al., 1978; Plotch et al., 1979; Robertson et al.,
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The crucial steps in Influenza virus multiplication are: 1) attachment of the virus to its target cell; 2)
entry of the virus via receptor-mediated endocytosis; 3) fusion of endosome and viral membranes; 4) the
RNPs release into the cytoplasm and 5) transport into nucleus; 6) virus transcription and replication in
nucleus; 7) the RNPs construction; 8) virion assembly and 9) viral budding. Anti-influenza drugs target
two different steps in the viral life-cycle; these steps are shown in boxes.

Fig. 2. Model of the life cycle of the influenza virus.
1981). In contrast, the replication of vRNA is performed in a primer-independent manner
(Nagata et al., 2008). The newly synthesized vRNPs are exported from the nucleus to the
cytoplasm in association with the viral proteins M1 and NS2 and the cellular protein
chromosome region maintenance 1 (CRM1) (Cros & Palese, 2003; Neumann et al., 2004).
These vRNPs are incorporated into budding virions. The vRNA is specifically packaged in
preference to other cellular RNAs and the different vRNAs are present in an equimolar ratio
within a population of virions (Palese, 1977). A mechanism for the specific packaging of
vRNA is mediated by cis-acting packaging signals in the vRNAs. Specific packaging signals
exist in the UTRs and coding regions at both the 5’ and 3’ ends of the vRNAs (de Wit et al.,
2006; Fujii et al., 2003; Liang et al., 2008; Muramoto et al., 2006; Noda et al., 2006; Ozawa et
al., 2007). The structure of eight separate segments is associated with inter-segment
interactions (Muramoto et al., 2006). However, it remains uncertain whether there are
specific interactions among the eight RNPs within the virions. The M1 and M2 proteins play
central roles in the assembly and budding process. The M1 protein is associated with the
cytoplasmic tail of HA and NA. This binding allows for M1 to associate with lipid raft
membrane domains, triggering a conformational change that enables M1 polymerization at
the site of virus budding (Barman et al., 2004; Gómez-Puertas et al., 2000; Ruigrok et al.,
2001). The M2 protein is required for the membrane scission of the budding virions. M2
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binds to cholesterol and this allows M2 to alter membrane curvature at the site of virus
budding (Rossman et al., 2010a, 2010b). Bud formation and bud release are the last steps of
the viral life cycle. NA is responsible for cleaving terminal sialic acid residues from the ends
of glycoconjugates on both the virus particle and the host cell in order to facilitate virus
release (Air & Laver, 1989).

3. Influenza therapy
The life-cycle of influenza virus is a major target for drug development. Accordingly,
significant efforts have been made recently to identify molecules that inhibit the different
stages of the influenza virus life cycle. As shown in Fig. 2, the current treatments for
influenza infections target two steps of the replication cycle: uncoating and budding. Six
drugs are currently available (Table 1): the adamantanes and neuraminidase inhibitors,
including amantadine, rimantadine, zanamivir, oseltamivir, peramivir, and laninamivir
(Kubo et al., 2010; Vanvoris et al., 1981; Wingfiel et al., 1969, Yamashita, 2011). The
adamantanes block the function of the M2 ion channel, preventing acidification-triggered
uncoating. The adamantanes were the first effective drugs licensed for influenza treatment
(Davies et al., 1964; Dolin et al., 1982; Wang et al., 1993). Despite a degree of treatment
effectiveness, however, both drugs induced significant adverse effects in the central nervous
system, as well as the emergence of drug-resistant mutants (Bright et al., 2005, 2006; Bryson
et al., 1980; Keyser et al., 2000). Recently, the vast majority of circulating seasonal influenza
strains has been adamantanes-resistant (Bright et al., 2005, 2006). Neuraminidase inhibitors
inhibit the release of virions by competitively inhibiting viral NA. Currently, zanamivir and
oseltamivir are widely used to treat acute uncomplicated illness due to influenza A and B.
Zanamivir mimics the natural substrate, which fits into the active site pocket of NA
(Varghese et al., 1992, 1995; von Itzstein et al., 1993). Oseltamivir was developed through the
modification of the sialic acid analogue framework (Kim et al., 1997). Many reports have
shown that both drugs are highly efficient in the treatment of influenza (Cooper et al., 2003;
Hayden et al., 1997; Monto et al., 1999; Nicholson et al., 2000). In recent years, peramivir and
laninamivir, which also target NA, have been licensed as anti-influenza drugs (Kubo et al.,
2010; Yamashita, 2011). For oseltamivir, the appearance of drug-resistant mutants has
significantly increased in many countries (Besselaar et al., 2008; Dharan et al., 2009; Hauge et
al., 2009; Hurt et al., 2009). The oseltamivir-resistant H275Y virus also displays reduced
susceptibility to peramivir in vitro (Nguyen et al., 2010). On the other hand, no zanamivirresistant virus has emerged at present. However, because zanamivir requires treatment by
the intravenous route, it is not commonly used in clinical treatment.
As mentioned above, in addition to the fact that available drugs target only two steps of the
viral life cycle, this appearance of oseltamivir-resistant influenza strains strongly highlights
the need for treatment alternatives or novel antiviral drugs targeting other proteins besides
M2 or NA. Potential targets for blocking influenza A virus replication are influenza virus
RNA polymerases and NP, which is required to form the RNPs. Recently, favipiravir, a
novel therapeutic drug targeting viral replication and translation, has been identified
(Furuta et al., 2005). Favipiravir, developed by Furuta et al. at Toyama Chemical Co., Ltd.,
inhibits the replication and translation of influenza viruses in a GTP-competitive manner. In
addition to these drugs, a few novel antiviral compounds, mycalamide analogs (Hagiwara
et al., 2010), nucleozin (Kao et al., 2010) and nucleozin analog FA-2 (Su et al., 2010), were
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recently reported as influenza inhibitors targeting NP. Moreover, another anti-influenza
compound, 367, has been identified that targets the PB1 protein and influenza RNAdependent RNA polymerase activity (Su et al., 2010). These observations suggest that the
drug targeting of components of the RNPs, such as PA, PB1, PB2, and NP, may provide a
new strategy for influenza therapy.
Classification

Generic Name

Commercial Name

M2 Channel Inhibitor

Amantadine
Rimantadine

Symmetrel
Flumadine

Neuraminidase Inhibitor

Oseltamivir
Zanamivir

Tamiflu
Relenza

Peramivir
Laninamivir

Rapiacta
Inamivir

Table 1. Available drugs against influenza virus infection.

4. NP of influenza A virus
4.1. Function of NP
The influenza virus NP, which is encoded by the fifth genome segment, is expressed in the
early stage of infection. It is the major component of the RNP and contains many functional
domains in its sequence, such as a NLS, an RNA binding site, an NP-NP binding site, and a
PB2 binding domain (Albo et al., 1995; Biswas et al., 1998; Cros et al., 2005; Davey et al.,
1985; Elton et al., 1999; Ketha & Atreya, 2008; Kobayashi et al., 1994; Neumann et al., 1997;
Ozawa et al., 2007; Wang et al., 1997; Weber et al., 1998; Ye et al., 2006). The major functional
domains of NP are summarized in Fig. 3. Thus, NP plays important roles in numerous
stages of viral replication, such as in the nuclear transport of NP and RNPs, replication and
transcription of genomic RNA, and nuclear export and packaging of RNPs. In addition to
these, some domains that are important for the maintenance of three-dimensional structure,
such as the tail-loop structure, pocket structure, and regulation of particle formation, as well
as domains that are important for interactions with host proteins, have been reported (Fig.
3) (Digard et al., 1999; Momose et al., 2001; Ng et al., 2008, 2009; Noton et al., 2009; Wang et
al., 1997; Ye et al., 2006). Moreover, phylogenetic analysis of viral strains isolated from
different hosts revealed that the NP gene is relatively well conserved (Shu et al., 1993),
especially in the functional domains (Heiny et al., 2007; Li et al., 2009; Ng et al., 2009).
Thus, all of these functional domains could be considered potential targets for antiviral
agents.
4.2 Structure of NP
The crystal structure of NP of influenza A virus H1N1 (Ye et al., 2006) is shown in Fig. 4.
The N-terminal truncated NP derived from H1N1 forms trimers through NP-NP
interactions using a tail-loop structure constructed from the segment at amino acid positions
402-428 (Fig. 3 & 4) and pocket structures constructed from segments at amino acid
positions 160-167, 321-334, and 340-349 (Fig. 3, Ye et al., 2006).
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NLS, nuclear localization signal; NAS, nuclear accumulation signal

Fig. 3. Summary of NP functions.
The nucleoprotein has been proven to bind non-specifically to RNA at one in every 24
nucleotides (Compans et al., 1972; Ortega et al., 2000), and indeed, the protein has been
shown to have an RNA-binding groove between the head and body domains. This groove is
located exterior to the nucleoprotein oligomers. The surface of the groove is occupied by
several basic residues, such as R65, R150, R152, R156, R174, R175, R195, R199, R213, R214,
R221, R236, R355, K357, R361, and R391 (Ye et al., 2006), which can interact with nucleotides.
These distributed basic residues are highly conserved, and therefore it is likely that the
compounds targeting these regions can inhibit viral multiplication.
The crystal structure of NP derived from H5N1 has also been reported. It forms a different
trimer compared with H1N1; however, the tail-loop interactions were identical (Ng et al.,
2008). Both papers suggest that the tail-loop binding pocket is a good target for the
development of anti-influenza virus drugs.

5. Nuclear transport of NP
Most RNA viruses that lack a DNA phase replicate in the cytoplasm (Cros & Palese, 2003).
However, several negative-stranded RNA viruses, such as influenza, Thogoto, and Borna
disease viruses, replicate their RNAs in the nucleus, taking advantage of the host cell’s
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The NP trimer was constructed according to NP-NP interactions using pocket structure (amino acid
positions 160-167, 327-334 and 340-349) and tail-loop structure (amino acid positions 402-428). The
positions of the three tail loops are highlighted in white and indicated by arrows. This structure is based
on the available structural information for NP (PDB code: 2IQH).

Fig. 4. Crystal structure of influenza virus NP trimer analyzed by X-ray.
nuclear machinery. The cell nucleus is separated from the cytoplasm by a double-layer
membrane contiguous with the ER called the nuclear envelope (Terry et al., 2007). This
nuclear envelope is composed of two lipid bilayers, the outer and inner nuclear membranes
(Gruenbaum et al., 2005). Viruses that replicate their genome in the host cell nucleus have
evolved strategies for moving viral components across this membrane barrier. These
membranes are separated by a lumen and joined at nuclear pore complexes (NPCs)
(Fahrenkrog & Aebi, 2003) that serve as gates for traffic crossing the nuclear envelope.
Entrance into and exit from the nucleus occurs via these NPCs, which are > 60 MDa
macromolecular structures that form channels spanning the nuclear envelope (Cronshaw et
al., 2002; Rout et al., 2000). Each NPC is equipped to facilitate both the import and export of
proteins and RNAs (Dworetzky & Feldherr, 1988).
The movement of ions, metabolites and other small molecules through the NPC occurs via
passive diffusion, but the translocation of cargos larger than ~40 kDa generally requires
specific signals known as NLSs. The nuclear import of basic NLS-bearing proteins is
mediated by specific soluble factors, including importin- (Imp) (Goldfarb et al., 2004),
importin- (Imp) (Harel & Forbes, 2004), small GTPase Ran/TC4 (Quimby & Dasso, 2003),
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and NTF2 (Stewart, 2000). Imp functions as an adaptor molecule, binding Imp via its
amino-terminally located Imp-binding (IBB) domain and binding an NLS-bearing protein
via its two central region-located NLS-binding sites (Herold et al., 1998; Kobe, 1999) (Fig. 5).
Imp is the transport receptor that carries the Imp-NLS complex from the cytoplasm to the
nuclear side of the NPC. Once the heterotrimer consisting of Imp, Imp, and the NLSbearing protein reaches the nuclear face of the NPC, the GTP-bound form of Ran binds
directly to Imp, releasing Imp and the NLS-bearing protein into the nucleoplasm. Ran,
which is found in its GDP-bound form in the cytoplasm and in its GTP-bound form in the
nucleus, is a major determinant of the directionality of transport across the nuclear
membrane.
A challenge faced by influenza virus is that of the trafficking of viral components into the
nucleus through the NPC (Fig. 5). The genomic RNAs of influenza virus associate with
proteins to form large complexes called vRNPs, which exceed the size limit for passive
diffusion through the NPCs. The vRNPs is believed to be 10–20 nm wide (Compans et al.,
1972). The vRNA, coated by NPs (1NP for each 24 nucleotides) (Compans et al., 1972; Ortega
et al., 2000), forms a loop (Fig. 1C & 6). The trimeric polymerase complex, PB1, PB2, and PA,
binds to the partially complementary ends of the vRNA, giving rise to a complex panhandle
structure (Martin-Benito et al., 2001).

NPC, nuclear pore complex

Fig. 5. Model of the nuclear transport through classical importin / import pathway and
influenza virus.
To ensure efficient transport across the nuclear membrane, influenza virus uses NLSs
exposed on PB2, PB1, PA and NP. These signals recruit cellular import complexes, which are
responsible for the translocation of the vRNPs through the NPC. Although all of the
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proteins of the vRNPs carry NLSs (Akkina et al., 1987; Jones et al., 1986; Nieto et al., 1994),
the NP was shown to be sufficient to mediate the nuclear import of viral RNAs (O’Neill et
al., 1995). As shown in Fig. 3, a more detailed analysis revealed the presence of three NLSs
on the NP (Neumann et al., 1997; Wang et al., 1997), including an unconventional NLS at the
very N-terminus, located between amino acids 3 and 13. A second NLS resides in the central
part of the NP, located between amino acids 198 and 216. This bipartite signal appears to be
weaker than the unconventional N-terminal NLS (Weber et al., 1998). Of these NLSs, the
unconventional, N-terminal NLS of the NP is indispensable for the nuclear transport of NP
and vRNPs (Cross et al., 2005; O’Neill et al., 1995). Alanine-substituted mutants of this
unconventional NLS of the NP have shown that the amino acids at position 7 and 8 are
critical for nuclear localization (Neumann et al., 1997). Furthermore, the mutation of amino
acids at position 7 and 8 of NP leads to a reduction of viral growth compared with wild-type
virus (Ozawa et al., 2007).
The transport of vRNPs of influenza A virus into the nucleus is performed through the
classical nuclear import pathway, the imp/ transport system shown in Fig. 5. As an
adaptor, imp binds with the NLSs of viral proteins and then NLS-impbinds to the
receptor on impthrough the IBB domainon imp(Cross et al., 2005; O’Neill et al., 1995).
This NLS-bearing protein/receptor complex is imported into the nucleus. The imp family
comprises six members in humans. Based on structural similarity, the imp family is
grouped into three subfamilies, imp1/Rch1 (Rch1), imp3/Qip1 (Qip1), and imp5/NPI-1
(NPI-1) (Goldfarb et al., 2004). Interestingly, NP binds to several types of human
impincluding Rch1, Qip1, and NPI-1, and regulates not only the nuclear transport of
vRNPs but also host cell tropism and the growth of influenza virus (Gabriel et al., 2011).
Therefore, NP functions as the main regulator of vRNPs trafficking and is a potentially
useful target for the development of novel compounds that inhibit influenza A virus
replication.

6. Screening of anti-viral drugs for NP
Recently, we demonstrated that NP is a novel target for the development of new antiviral
drugs against the influenza virus using screening of NP-binding compounds by photocross-linked chemical arrays. Chemical arrays represent one of the most promising and
high-throughput approaches for screening ligands against proteins of interest (Kanoh et al.,
2006), and several successful results from chemical arrays have been reported (Koehler et al.,
2003; Kuruvilla et al., 2002; Miyazaki et al., 2008). The screening protocol using chemical
array was shown in Fig. 6. Approximately 25,000 small-molecules have been developed at
RIKEN were fixed on a glass plate by photo-cross linker. To firstly identify inhibitors of NP,
a large-scale chemical array approach of 6,800 compounds from an RIKEN NPDepo
chemical library was used that detected specific interactions of small molecules with NP.
Using purified, recombinant influenza virus (A/WSN/33) NP, which was fused to
monomeric red fluorescent protein (mRFP), we succeeded in detecting 72 compounds as
positive. Next, plaque assay was used to investigate whether the 72 compounds inhibited
multiplication of the influenza virus (A/WSN/33). Among them, 9 compounds showed
inhibitory activity against influenza virus multiplication (Table 2). Furthermore, to obtain
the compound which shows high inhibition activity, we searched for the derivatives of
compounds from RIKEN NPDepo and found three derivatives of compound 1, which is
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NP-mRFP-Flag

mRFP-Flag reference

positive

positive
A

B

C

compound

D

E

Flag

F

G

mRFP

A

B

C

D

E

F

G

NP
NP-mRFP-Flag

Approximately 2,000 compounds are spotted, with duplicates, on a glass plate using a photo-cross
linker.

Fig. 6. Summary of compound screening using chemical array.
Methods

Targeting

Positive

Negative

Photo-crosslinked chemical
array assay

Binding to NP

72

6,800

Plaque assay

Inhibition of viral
replication

9

63

Plaque assay using
derivatives

Inhibition of viral
replication

1

8
(not determined)

Surface plasmon resonance

Binding of four
derivatives to NP

4

0

Table 2. Screening for NP inhibitors from the NPDepo RIKEN Natural Products Depository.
artificial analog of mycalamide. Among them, two derivatives showed lower inhibitory
effect compared with compound 1, whereas compound 4 (Fig. 7, Table 2) showed strong
activity reaching inhibition level up to 97% (Hagiwara et al., 2010).
Furthermore, surface plasmon resonance imaging experiments demonstrated that the
binding activity of each compound to NP correlated with its antiviral activity. Finally, it was
shown that these compounds bound NP within the N-terminal 110-amino acid region but
their binding abilities were dramatically reduced when the N-terminal 13-amino acid tail
was deleted, suggesting that the compounds might bind to this region, which mediates the
nuclear transport of NP and its binding to viral RNA. These data suggest that compound
binding to the N-terminal 13-amino acid tail region corresponding to an unconventional
NLS may inhibit viral replication by inhibiting the nuclear transport of NP.
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Compound 1, which is artificial analog of mycalamide was finally selected as the anti-influenza virus
agent. Compound 4 was the derivative of compound 1 that showed the strongest activity in inhibiting
influenza virus multiplication.

Fig. 7. Chemical structure of three derivatives of compound 1.

The positions of the compounds are highlighted in white and indicated by arrows.
The compounds induce the aggregation of NP. This structure is based on the available structural
information for NP (PDB code: 3RO5).

Fig. 8. Structure of influenza virus NP bound to compounds.
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7. Alternative anti-influenza virus compounds targeting NP
As described earlier, we first experimentally identified NP as a valuable drug target for
inhibiting the influenza virus (Hagiwara et al., 2010). Interestingly, two other compounds
that inhibit the function of NP have been reported. One compound, called nucleozin, was
randomly screened from a commercial chemical library. Nucleozin inhibits nuclear
localization of NP by inducing aggregation of NP (Kao et al., 2010). Furthermore, some
nucleozin derivatives have been developed (Gerritz et al., 2011; Su et al., 2010) and the cocrystal structures of NP and these nucleozin derivatives were also reported (Gerritz et al.,
2011). The crystal structures indicated that two derivatives bound to the NP dimer (Fig. 8)
and might induce the aggregation of NP, thereby inhibiting nuclear transport of NP and
thereby influenza virus multiplication.
Another compound was screened in silico and found to inhibit construction of the NP trimer.
The compound interacts with E339-R416 salt bridge in the tail-loop binding pocket and
thereby inhibits functional oligomerization of NP, which would in turn inhibit the
multiplication of the influenza virus (Shen et al., 2011).
Using three different methods (direct binding, random screening, and in silico screening),
compounds that inhibit the function of NP have been obtained. The results strongly suggest
that NP is a good target for the development of an anti-influenza virus drug.

8. Conclusions
Influenza A viruses are responsible for seasonal epidemics and high mortality pandemics.
Influenza A virus has a segmented genome of eight negative-strand RNA segments, which
are packaged into virions as RNPs. In addition to RNA, RNP contains the viral NP and the
three subunits of the RNA-dependent RNA polymerase, PB1, PB2, and PA. The NP is
expressed in the early stage of infection and plays important roles in numerous steps of viral
replication. NP also is relatively well conserved compared with viral surface spike proteins.
Using three different methods, direct binding, random screening, and in silico screening,
several small molecules that interact with NP and inhibit virus multiplication were
discovered. Since there are currently only two types of drugs available for the treatment of
influenza virus infection, M2 inhibitors and NA inhibitors, the discovery of a novel
mechanism of inhibition of influenza virus replication may supply the field of drug
development with an effective new strategy.

9. Acknowledgments
This study was supported in part by a Japan Advanced Molecular Imaging Program (JAMP), by a RIKEN Program for Drug Discovery and Medical Technology Platforms, and by
the Chemical Biology Research Project (RIKEN).

10. References
Air, G.M. & Laver, W.G. (1989). The neuraminidase of influenza virus. Proteins, Vol.6, No.4,
pp. 341-356, ISSN 0887-3585

www.intechopen.com

112

Antiviral Drugs – Aspects of Clinical Use and Recent Advances

Akkina, R.K.; Chambers, T.M.; Londo, D.R. & Nayak, D.P. (1987). Intracellular localization
of the viral polymerase proteins in cells infected with influenza virus and cells
expressing PB1 protein from cloned cDNA. Journal of Virology, Vol.61, No.7, pp.
2217-2224, ISSN 0022-538X
Albo, C.; Valencia, A. & Portela, A. (1995). Identification of an RNA binding region within
the N-terminal third of the influenza A virus nucleoprotein. Journal of Virology,
Vol.69, No.6, pp. 3799-3806, ISSN 0022-538X
Barman, S.; Adhikary, L.; Chakrabarti, A.K.; Bernas, C.; Kawaoka, Y. & Nayak, D.P. (2004).
Role of transmembrane domain and cytoplasmic tail amino acid sequences of
influenza a virus neuraminidase in raft association and virus budding. Journal of
Virology, Vol.78, No.10, pp. 5258-5269, ISSN 0022-538X
Besselaar, T.G.; Naidoo, D.; Buys, A.; Gregory, V.; McAnerney, J.; Manamela, J.M.;
Blumberg, L. & Schoub, B.D. (2008). Widespread oseltamivir resistance in influenza
A viruses (H1N1), South Africa. Emerging infectious diseases, Vol.14, No.11, pp. 18091810, ISSN 1080-6040
Biswas, S.K.; Boutz, P.L. & Nayak, D.P. (1998). Influenza virus nucleoprotein interacts with
influenza virus polymerase proteins. Journal of Virology, Vol.72, No.7, pp. 5493-5501,
ISSN 0022-538X
Bouloy, M.; Plotch, S.J. & Krug, R.M. (1978). Globin mRNAs are primers for the transcription
of influenza viral RNA in vitro. Proceedings of the National Academy of Sciences of the
United States of America, Vol.75, No.10, pp. 4886-4890, ISSN 0027-8424
Bright, R.A.; Medina, M.J.; Xu, X.Y.; Perez-Oronoz, G.; Wallis, T.R.; Davis, X.H.M.; Povinelli,
L.; Cox, N.J. & Klimov, A.I. (2005). Incidence of adamantane resistance among
influenza A (H3N2) viruses isolated worldwide from 1994 to 2005: a cause for
concern. Lancet, Vol.366, No.9492, pp. 1175-1181, ISSN 0140-6736
Bright, R.A.; Shay, D.K.; Shu, B.; Cox, N.J. & Klimov, A.I. (2006). Adamantane resistance
among influenza A viruses isolated early during the 2005-2006 influenza season in
the United States. The Journal of the American Medical Association, Vol.295, No.8, pp.
891-894, ISSN 0098-7484
Bryson, Y.J.; Monahan, C.; Pollack, M. & Shields, W.D. (1980). A prospective double-blind
study of side effects associated with the administration of amantadine for influenza
A virus prophylaxis. The Journal of infectious diseases, Vol.141, No.5, pp.543-547,
ISSN 0022-1899
Bui, M.; Whittaker, G. & Helenius, A. (1996). Effect of M1 protein and low pH on nuclear
transport of influenza virus ribonucleoproteins. Journal of Virology, Vol.70, No.12,
pp. 8391-8401, ISSN 0022-538X
Compans, R.W.; Content, J. & Duesberg, P.H. (1972) Structure of the ribonucleoprotein of
influenza virus. Journal of Virology, Vol.10, No.4, pp. 795-800, ISSN 0022-538X
Cooper, N.J.; Sutton, A.J.; Abrams, K.R.; Wailoo, A.; Turner, D. & Nicholson, K.G. (2003).
Effectiveness of neuraminidase inhibitors in treatment and prevention of influenza
A and B: systematic review and meta-analyses of randomised controlled trials.
British medical journal, Vol.326, No.7401, pp. 1235, ISSN 0959-535X
Cronshaw, J.M.; Krutchinsky, A.N.; Zhang, W.; Chait, B.T. & Matunis, M.J. (2002). Proteomic
analysis of the mammalian nuclear pore complex. The Journal of cell biology, Vol.158,
No.5, pp. 915-927, ISSN 0021-9525

www.intechopen.com

Discovery of Novel Antiviral Agents Directed Against the Influenza A Virus Nucleoprotein

113

Cros, J.F. & Palese, P. (2003). Trafficking of viral genomic RNA into and out of the nucleus:
influenza, Thogoto and Borna disease viruses. Virus research, Vol.95, No.1-2, pp. 312, ISSN 0168-1702
Cros, J.F.; García-Sastre, A. & Palese, P. (2005). An unconventional NLS is critical for the
nuclear import of the influenza A virus nucleoprotein and ribonucleoprotein.
Traffic, Vol.6, No.3, pp. 205-213, ISSN 1398-9219
Davey, J.; Dimmock, N.J. & Colman, A. (1985). Identification of the sequence responsible for
the nuclear accumulation of the influenza virus nucleoprotein in Xenopus oocytes.
Cell, Vol.40, No.3, pp. 667-675, ISSN 0092-8674
Davies, W.L.; Grunert, R.R.; Haff R.F.; Mcgahen J.W.; Neumayer E.M.; Paulshock M.; Watts
J.C.; Wood, T.R.; Hermann E.C. & Hoffmann, C.E. (1964). Antiviral activity of 1adamantanamine (amantadine). Science, Vol.144, No.362, pp. 862-863, ISSN 00368075
de Wit, E.; Spronken, M.I.; Rimmelzwaan, G.F.; Osterhaus, A.D. & Fouchier, R.A. (2006).
Evidence for specific packaging of the influenza A virus genome from conditionally
defective virus particles lacking a polymerase gene. Vaccine, Vol.24, No.44-46, pp.
6647-6650, ISSN 0264-410X
Dharan, N.J.; Gubareva, L.V.; Meyer, J.J.; Okomo-Adhiambo, M.; McClinton, R.C.; Marshall,
S.A.; St George, K.; Epperson, S.; Brammer, L.; Klimov, A.I.; Bresee, J.S.; Fry, A.M.
& Oseltamivir-Resistance Working Group. (2009). Infections with oseltamivirresistant influenza A(H1N1) virus in the United States. The Journal of the American
Medical Association, Vol.301, No.10, pp. 1034-1041, ISSN 0098-7484
Digard, P.; Elton, D.; Bishop, K.; Medcalf, E.; Weeds, A. & Pope, B. (1999). Modulation of
nuclear localization of the influenza virus nucleoprotein through interaction with
actin filaments. Journal of Virology, Vol.73, No.3, pp. 2222-2231, ISSN 0022-538X
Dolin, R.; Reichman, R.C.; Madore, H.P.; Maynard, R.; Linton, P.N. & Webber-Jones, J.
(1982). A controlled trial of amantadine and rimantadine in the prophylaxis of
influenza A infection. The New England journal of medicine, Vol.307, No.10, pp. 580584, ISSN 0028-4793
Dworetzky, S.I. & Feldherr, C.M. (1988). Translocation of RNA-coated gold particles
through the nuclear pores of oocytes. The Journal of cell biology, Vol.106, No.3, pp.
575-584, ISSN 0021-9525
Elton, D.; Medcalf, E.; Bishop, K. & Digard, P. (1999). Oligomerization of the influenza virus
nucleoprotein: identification of positive and negative sequence elements. Virology,
Vol.260, No.1, pp. 190-200, ISSN 0042-6822
Fahrenkrog, B. & Aebi, U. (2003). The nuclear pore complex: nucleocytoplasmic transport
and beyond. Nature reviews. Molecular cell biology, Vol.4, No.10, pp. 757-766, ISSN
1471-0072
Fouchier, R.A.M.; Munster, V.; Wallensten, A.; Bestebroer, T.M.; Herfst, S.; Smith, D.;
Rimmelzwaan, G.F.; Olsen, B. & Osterhaus, A.D.M.E. (2005). Characterization of a
novel influenza a virus hemagglutinin subtype (H16) obtained from black-headed
gulls. Journal of Virology, Vol.79, No.5, pp. 2814-2822, ISSN 0022-538X
Fujii, Y.; Goto, H.; Watanabe, T.; Yoshida, T. & Kawaoka, Y. (2003). Selective incorporation
of influenza virus RNA segments into virions. Proceedings of the National Academy of
Sciences of the United States of America, Vol.100, No.4, pp. 2002-2007, ISSN 0027-8424

www.intechopen.com

114

Antiviral Drugs – Aspects of Clinical Use and Recent Advances

Furuta, Y.; Takahashi, K.; Kuno-Maekawa, M.; Sangawa, H.; Uehara, S.; Kozaki, K.; Nomura,
N.; Egawa, H. & Shiraki, K. (2005). Mechanism of action of T-705 against influenza
virus. Antimicrobial agents and chemotherapy, Vol.49, No.3, pp. 981-986, ISSN 00664804
Gabriel, G.; Klingel, K.; Otte, A.; Thiele, S.; Hudjetz, B.; Arman-Kalcek, G.; Sauter, M.;
Shmidt, T.; Rother, F.; Baumgarte, S.; Keiner, B.; Hartmann, E.; Bader, M.;
Brownlee, G.G.; Fodor, E. & Klenk, H.D. (2011). Differential use of importin-α
isoforms governs cell tropism and host adaptation of influenza virus. Nature
communications, Vol.2, pp. 156, ISSN 2041-1723
Gerritz, S.W.; Cianci, C.; Kim, S.; Pearce, B.C.; Deminie, C.; Discotto, L.; McAuliffe, B.;
Minassian, B.F.; Shi, S.; Zhu, S.; Zhai, W.; Pendri, A.; Li, G.; Poss, M.A.; Edavettal,
S.; McDonnell, P.A.; Lewis, H.A.; Maskos, K.; Mörtl, M.; Kiefersauer, R.;
Steinbacher, S.; Baldwin, E.T.; Metzler, W.; Bryson, J.; Healy, M.D.; Philip, T.;
Zoeckler, M.; Schartman, R.; Sinz, M.; Leyva-Grado, V.H.; Hoffmann, H.H.;
Langley, D.R.; Meanwell, N.A. & Krystal, M. (2011). Inhibition of influenza virus
replication via small molecules that induce the formation of higher-order
nucleoprotein oligomers. Proceedings of the National Academy of Sciences of the United
States of America, Vol.108, No.37, pp. 15366-15371, ISSN 0027-8424
Goldfarb, D.S.; Corbett, A.H.; Mason, D.A.; Harreman, M.T. & Adam, S.A. (2004). Importin
alpha: a multipurpose nuclear-transport receptor. Trends in cell biology, Vol.14,
No.9, pp. 505-514, ISSN 0962-8924
Gómez-Puertas, P.; Albo, C.; Pérez-Pastrana, E.; Vivo, A. & Portela, A. (2000). Influenza
virus matrix protein is the major driving force in virus budding. Journal of Virology,
Vol.74, No.24, pp. 11538-11547, ISSN 0022-538X
Gruenbaum, Y.; Margalit, A.; Goldman, R.D.; Shumaker, D.K. & Wilson, K.L. (2005). The
nuclear lamina comes of age. Nature reviews. Molecular cell biology, Vol.6, No.1, pp.
21-31, ISSN 1471-0072
Hagiwara, K.; Kondoh, Y.; Ueda, A.; Yamada, K.; Goto, H.; Watanabe, T.; Nakata, T.; Osada,
H. & Aida, Y. (2010). Discovery of novel antiviral agents directed against the
influenza A virus nucleoprotein using photo-cross-linked chemical arrays.
Biochemical and biophysical research communications, Vol.394, No.3, pp. 721-727, ISSN
0006-291X
Harel, A. & Forbes, D.J. (2004). Importin beta: conducting a much larger cellular symphony.
Molecular cell, Vol.16, No.3, pp. 319-330, ISSN 1097-2765
Hauge, S.H.; Dudman, S.; Borgen, K.; Lackenby, A. & Hungnes, O. (2009). Oseltamivirresistant influenza viruses A (H1N1), Norway, 2007-08. Emerging infectious diseases,
Vol.15, No.2, pp. 155-162, ISSN 1080-6040
Hayden, F.G.; Osterhaus, A.D.; Treanor, J.J.; Fleming, D.M.; Aoki, F.Y.; Nicholson, K.G.;
Bohnen, A.M.; Hirst, H.M.; Keene, O. & Wightman, K. (1997). Efficacy and safety of
the neuraminidase inhibitor zanamivir in the treatment of influenza virus
infections. GG167 Influenza Study Group. The New England journal of medicine,
Vol.337, No.13, pp. 874-880, ISSN 0028-4793
Heiny, A.T.; Miotto, O.; Srinivasan, K.N.; Khan, A.M.; Zhang, G.L.; Brusic, V.; Tan, T.W. &
August, J.T. (2007). Evolutionarily conserved protein sequences of influenza A
viruses, avian and human, as vaccine targets. PLoS one, Vol.2, No.11, pp. e1190,
ISSN 1932-6203

www.intechopen.com

Discovery of Novel Antiviral Agents Directed Against the Influenza A Virus Nucleoprotein

115

Herold, A.; Truant, R.; Wiegand, H. & Cullen, B.R. (1998). Determination of the functional
domain organization of the importin alpha nuclear import factor. The Journal of cell
biology, Vol.143, No.2, pp. 309-318, ISSN 0021-9525
Herz, C.; Stavnezer, E.; Krug R. & Gurney, T Jr. (1981). Influenza virus, an RNA virus,
synthesizes its messenger RNA in the nucleus of infected cells. Cell, Vol.26, No.3,
pp. 391-400, ISSN 0092-8674
Hinshaw, V.S.; Air, G.M.; Gibbs, A.J.; Graves, L.; Prescott, B. & Karunakaran, D. (1982).
Antigenic and genetic-characterization of a novel hemagglutinin subtype of
influenza-A viruses from gulls. Journal of Virology, Vol.42, No.3, pp. 865-872, ISSN
0022-538X
Hurt, A.C.; Ernest, J.; Deng, Y.M.; Iannello, P.; Besselaar, T.G.; Birch, C.; Buchy, P.;
Chittaganpitch, M.; Chiu, S.C.; Dwyer, D.; Guigon, A.; Harrower, B.; Kei, I.P.; Kok,
T.; Lin, C.; McPhie, K.; Mohd, A.; Olveda, R.; Panayotou, T.; Rawlinson, W.; Scott,
L.; Smith, D.; D'Souza, H.; Komadina, N.; Shaw, R.; Kelso, A. & Barr, I.G. (2009).
Emergence and spread of oseltamivir-resistant A(H1N1) influenza viruses in
Oceania, South East Asia and South Africa. Antiviral research, Vol.83, No.1, pp. 9093, ISSN 0166-3542
Jones, I.M.; Reay, P.A. & Philpott, K.L. (1986). Nuclear location of all three influenza
polymerase proteins and a nuclear signal in polymerase PB2. The EMBO journal,
Vol.5, No.9, pp. 2371-2376, ISSN 0261-4189
Kanoh, N.; Asami, A.; Kawatani, M.; Honda, K.; Kumashiro, S.; Takayama, H.;Simizu, S.;
Amemiya, T.; Kondoh, Y.; Hatakeyama, S.; Tsuganezawa, K.; Utata, R.; Tanaka, A.;
Yokoyama, S.; Tashiro, H. & Osada, H. (2006). Photo-cross-linked small-molecule
microarrays as chemical genomic tools for dissecting protein–ligand interactions.
Chemistry, an Asian journal, Vol.1, No.6, pp. 789-797, ISSN 1861-4728
Kao, R.Y.; Yang, D.; Lau, L.S.; Tsui, W.H.; Hu, L.; Dai, J.; Chan, M.P.; Chan, C.M.; Wang, P.;
Zheng, B.J.; Sun, J.; Huang, J.D.; Madar, J.; Chen, G.; Chen, H.; Guan, Y. & Yuen,
KY. (2010). Identification of influenza A nucleoprotein as an antiviral target. Nature
biotechnology, Vol.28, No.6, pp. 600-605, ISSN 1087-0156
Kawaoka, Y.; Yamnikova, S.; Chambers, T.M.; Lvov, D.K. & Webster, R.G. (1990). Molecular
characterization of a new hemagglutinin, subtype H14, of influenza A virus.
Virology, Vol.179, No.2, pp. 759-767, ISSN 0042-6822
Ketha, K.M. & Atreya, C.D. (2008). Application of bioinformatics-coupled experimental
analysis reveals a new transport-competent nuclear localization signal in the
nucleoprotein of influenza A virus strain. BMC cell biology, Vol.9, pp. 22, ISSN 14712121
Keyser, L.A.; Karl, M.; Nafziger, A.N. & Bertino, J.S. (2000). Comparison of central nervous
system adverse effects of amantadine and rimantadine used as sequential
prophylaxis of influenza A in elderly nursing home patients. Archives of internal
medicine, Vol.160, No.10, pp. 1485-1488, ISSN 0003-9926
Kim, C.U.; Lew, W.; Williams, M.A.; Liu, H.T.; Zhang, L.J.; Swaminathan, S.; Bischofberger,
N.; Chen, M.S.; Mendel, D.B.; Tai, C.Y.; Laver, W.G. & Stevens, R.C. (1997).
Influenza neuraminidase inhibitors possessing a novel hydrophobic interaction in
the enzyme active site: design, synthesis, and structural analysis of carbocyclic
sialic acid analogues with potent anti-influenza activity. Journal of the American
Chemical Society, Vol.119, No.4, pp. 681-690, ISSN 0002-7863

www.intechopen.com

116

Antiviral Drugs – Aspects of Clinical Use and Recent Advances

Klumpp, K.; Ruigrok, R.W.H. & Baudin, F. (1997). Roles of the influenza virus polymerase
and nucleoprotein in forming a functional RNP structure. EMBO Journal, Vol.16,
No.6, pp.1248-1257, ISSN 0261-4189
Kobayashi, M.; Toyoda, T.; Adyshev, D.M.; Azuma, Y. & Ishihama, A. (1994). Molecular
dissection of influenza virus nucleoprotein: deletion mapping of the RNA binding
domain. Journal of Virology, Vol.68, No.12, pp. 8433-8436, ISSN 0022-538X
Kobe, B. (1999). Autoinhibition by an internal nuclear localization signal revealed by the
crystal structure of mammalian importin alpha. Nature structural biology, Vol.6,
No.4, pp. 388-397, ISSN 1072-8368
Koehler, A.N.; Shamji, A.F. & Schreiber, S.L. (2003). Discovery of an inhibitor of a
transcription factor using small molecule microarrays and diversity-oriented
synthesis. American Chemical Society, Vol.125, No.28, pp. 8420-8421, ISSN 0002-7863
Kubo, S.; Tomozawa, T.; Kakuta, M.; Tokumitsu, A. & Yamashita, M. (2010). Laninamivir
prodrug CS-8958, a long-acting neuraminidase inhibitor, shows superior antiinfluenza virus activity after a single administration. Antimicrobial agents and
chemotherapy, Vol.54, No.3, pp. 1256-1264, ISSN 0066-4804
Kuruvilla, F.G.; Shamji, A.F.; Sternson, S.M.; Hergenrother, P.J. & Schreiber, S.L. (2002).
Dissecting glucose signalling with diversity-oriented synthesis and small-molecule
microarrays. Nature, Vol.416, No.6881, pp. 653-657, ISSN 0028-0836
Li, Z.; Watanabe, T.; Hatta, M.; Watanabe, S.; Nanbo, A.; Ozawa, M.; Kakugawa, S.;
Shimojima, M.; Yamada, S.; Neumann, G. & Kawaoka, Y. (2009). Mutational
analysis of conserved amino acids in the influenza A virus nucleoprotein. Journal of
Virology, Vol.83, No.9, pp. 4153-4162, ISSN 0022-538X
Liang, Y.; Huang, T.; Ly, H.; Parslow, T.G. & Liang, Y. (2008). Mutational analyses of
packaging signals in influenza virus PA, PB1, and PB2 genomic RNA segments.
Journal of Virology, Vol.82, No.1, pp. 229-236, ISSN 0022-538X
Martin, K. & Helenius, A. (1991). Transport of incoming influenza virus nucleocapsids into
the nucleus. Journal of Virology, Vol.65, No.1, pp. 232-244, ISSN 0022-538X
Martín-Benito, J.; Area, E.; Ortega, J.; Llorca, O.; Valpuesta, J.M.; Carrascosa, J.L. & Ortín, J.
(2001). Three-dimensional reconstruction of a recombinant influenza virus
ribonucleoprotein particle. EMBO reports, Vol.2, No.4, pp. 313-317, ISSN 1469-221X
Matlin, K.S.; Reggio, H.; Helenius, A. & Simons, K. (1981). Infectious entry pathway of
influenza virus in a canine kidney cell line. The Journal of cell biology, Vol.91, No.3,
pp. 601-613, ISSN 0021-9525
Miyazaki, I.; Simizu, S.; Ichimiya, H.; Kawatani, M. & Osada, H. (2008). Robust and
systematic drug screening method using chemical arrays and the protein library:
identification of novel inhibitors of carbonic anhydrase II. Bioscience, biotechnology,
and biochemistry, Vol.72, No.10, pp. 2739-2749, ISSN 0916-8451
Momose, F.; Basler, C.F.; O'Neill, R.E.; Iwamatsu, A.; Palese, P. & Nagata, K. (2001). Cellular
splicing factor RAF-2p48/NPI-5/BAT1/UAP56 interacts with the influenza virus
nucleoprotein and enhances viral RNA synthesis. Journal of Virology, Vol.75, No.4,
pp. 1899-1908, ISSN 0022-538X
Monto, A.S.; Fleming, D.M.; Henry, D.; de Groot, R.; Makela, M.; Klein, T.; Elliott, M.; Keene,
O.N. & Man, C.Y. (1999). Efficacy and safety of the neuraminidase inhibitor
zanamivirin the treatment of influenza A and B virus infections. The Journal of
infectious diseases, Vol.180, No.2, pp. 254-261, ISSN 0022-1899

www.intechopen.com

Discovery of Novel Antiviral Agents Directed Against the Influenza A Virus Nucleoprotein

117

Muramoto, Y.; Takada, A.; Fujii, K.; Noda, T.; Iwatsuki-Horimoto, K.; Watanabe, S.;
Horimoto, T.; Kida, H. & Kawaoka, Y. (2006). Hierarchy among viral RNA (vRNA)
segments in their role in vRNA incorporation into influenza A virions. Journal of
Virology, Vol.80, No.5, pp. 2318-2325, ISSN 0022-538X
Nagata, K.; Kawaguchi, A. & Naito, T. (2008). Host factors for replication and transcription
of the influenza virus genome. Reviews in medical virology, Vol.18, No.4, pp. 247-260,
ISSN 1052-9276
Neumann, G.; Castrucci, M.R. & Kawaoka, Y. (1997). Nuclear import and export of influenza
virus nucleoprotein. Journal of Virology, Vol.71, No.12, pp. 9690-9700, ISSN 0022538X
Neumann, G.; Brownlee, G.G.; Fodor, E. & Kawaoka, Y. (2004). Orthomyxovirus replication,
transcription, and polyadenylation. Current topics in microbiology and immunology,
Vol.283, pp. 121-143, ISSN 0070-217X
Ng, A.K.; Zhang, H.; Tan, K.; Li, Z.; Liu, J.H.; Chan, P.K.; Li, S.M.; Chan, W.Y.; Au, S.W.;
Joachimiak, A.; Walz, T.; Wang, J.H. & Shaw, P.C. (2008). Structure of the influenza
virus A H5N1 nucleoprotein: implications for RNA binding, oligomerization, and
vaccine design. The FASEB journal, Vol.22, No.10, pp. 3638-3647, ISSN 0892-6638
Ng, A.K.; Wang, J.H. & Shaw, P.C. (2009). Structure and sequence analysis of influenza A
virus nucleoprotein. Science in China. Series C, Life sciences, Vol.52, No.5, pp. 439-449,
ISSN 1006-9305
Nguyen, H.T.; Sheu, T.G.; Mishin, V.P.; Klimov, A.I. & Gubareva, L.V. (2010). Assessment of
pandemic and seasonal influenza A (H1N1) virus susceptibility to neuraminidase
inhibitors in three enzyme activity inhibition assays. Antimicrobial agents and
chemotherapy, Vol.54, No.9, pp. 3671-3677, ISSN 0066-4804
Nicholson, K.G.; Aoki, F.Y.; Osterhaus, A.D.; Trottier, S.; Carewicz, O.; Mercier, C.H.; Rode,
A.; Kinnersley, N. & Ward, P. (2000). Efficacy and safety of oseltamivir in treatment
of acute influenza: a randomised controlled trial. Neuraminidase Inhibitor Flu
Treatment Investigator Group. Lancet, Vol.355, No.9218, pp. 1845-1850, ISSN 01406736
Nieto A, de la Luna S, Bárcena J, Portela A, Ortín J. (1994). Complex structure of the nuclear
translocation signal of influenza virus polymerase PA subunit. The Journal of general
virology, Vol.75, pp. 29-36, ISSN 0022-1317
Noda, T.; Sagara, H.; Yen, A.; Takada, A.; Kida, H.; Cheng, R.H. & Kawaoka, Y. (2006).
Architecture of ribonucleoprotein complexes in influenza A virus particles. Nature,
Vol.439, No.7075, pp. 490-492, ISSN 0028-0836
Noton, S.L.; Simpson-Holley, M.; Medcalf, E.; Wise, H.M.; Hutchinson, E.C.; McCauley, J.W.
& Digard, P. (2009). Studies of an influenza A virus temperature-sensitive mutant
identify a late role for NP in the formation of infectious virions. Journal of Virology,
Vol.83, No.2, pp. 562-571, ISSN 0022-538X
O'Neill, R.E.; Jaskunas, R.; Blobel, G.; Palese, P. & Moroianu, J. (1995). Nuclear import of
influenza virus RNA can be mediated by viral nucleoprotein and transport factors
required for protein import. The Journal of biological chemistry, Vol.270, No.39, pp.
22701-22704, ISSN 0021-9258
Ortega, J.; Martin-Benito, J.; Zurcher, T.; Valpuesta, J.M.; Carrascosa, J.L. & Ortin, J. (2000).
Ultrastructural and functional analyses of recombinant influenza virus

www.intechopen.com

118

Antiviral Drugs – Aspects of Clinical Use and Recent Advances

ribonucleoproteins suggest dimerization of nucleoprotein during virus
amplification. Journal of Virology, Vol.74, No.1, pp. 156-163, ISSN 0022-538X
Ozawa, M.; Fujii, K.; Muramoto, Y.; Yamada, S.; Yamayoshi, S.; Takada, A.; Goto, H.;
Horimoto, T. & Kawaoka, Y. (2007). Contributions of two nuclear localization
signals of influenza A virus nucleoprotein to viral replication. Journal of Virology,
Vol.81, No.1, pp. 30-41, ISSN 0022-538X
Palese, P. (1977). The genes of influenza virus. Cell, Vol.10, No.1, pp. 1-10, ISSN 0092-8674
Pinto, L.H.; Holsinger, L.J. & Lamb R.A. (1992). Influenza virus M2 protein has ion channel
activity. Cell, Vol.69, No.3, pp. 517-528, ISSN 0092-8674
Plotch, S.J.; Bouloy, M. & Krug, R.M. (1979). Transfer of 5'-terminal cap of globin mRNA to
influenza viral complementary RNA during transcription in vitro. Proceedings of the
National Academy of Sciences of the United States of America, Vol.76, No.4, pp. 16181622, ISSN 0027-8424
Quimby, B.B. & Dasso, M. (2003). The small GTPase Ran: interpreting the signs. Current
opinion in cell biology, Vol.15, No.3, pp. 338-344, ISSN 0955-0674
Robertson, J.S.; Schubert, M. & Lazzarini, R.A. (1981). Polyadenylation sites for influenza
virus mRNA. Journal of Virology, Vol.38, No.1, pp. 157-163, ISSN 0022-538X
Rohm, C.; Zhou, N.A.; Suss, J.C.; Mackenzie, J. & Webster, R.G. (1996). Characterization of a
novel influenza hemagglutinin, H15: Criteria for determination of influenza a
subtypes. Virology, Vol.217, No.2, pp. 508-516, ISSN 0042-6822
Rossman, J.S.; Jing, X.; Leser, G.P. & Lamb, R.A. (2010a). Influenza virus M2 protein
mediates ESCRT-independent membrane scission. Cell, Vol.142, No.6, pp. 902-913,
ISSN 0092-8674
Rossman, J.S.; Jing, X.; Leser, G.P.; Balannik, V.; Pinto, L.H. & Lamb, R.A. (2010b). Influenza
virus M2 ion channel protein is necessary for filamentous virion formation. Journal
of Virology, Vol.84, No.10, pp. 5078-5088, ISSN 0022-538X
Rout, M.P.; Aitchison, J.D.; Suprapto, A.; Hjertaas, K.; Zhao, Y. & Chait, B.T. (2000). The
yeast nuclear pore complex: composition, architecture, and transport mechanism.
The Journal of cell biology, Vol.148, No.4, pp. 635-651, ISSN 0021-9525
Ruigrok, R.; Baudin, F.; Petit, I. & Weissenhorn, W. (2001). Role of influenza virus M1
protein in the viral budding process. International Congress Series, Vol.1219, pp. 397404, ISSN0960-1643
Shen, Y.F.; Chen, Y.H.; Chu, S.Y.; Lin, M.I.; Hsu, H.T.; Wu, P.Y.; Wu, C.J.; Liu, H.W.; Lin,
F.Y.; Lin, G.; Hsu, P.H.; Yang, A.S.; Cheng, Y.S.; Wu, Y.T.; Wong, C.H. & Tsai, M.D.
(2011). E339...R416 salt bridge of nucleoprotein as a feasible target for influenza
virus inhibitors. Proceedings of the National Academy of Sciences of the United States of
America, Vol.108, No.40, pp. 16515-16520, ISSN 0027-8424
Shu, L.L.; Bean, W.J. & Webster, R.G. (1993). Analysis of the evolution and variation of the
human influenza A virus nucleoprotein gene from 1933 to 1990. Journal of Virology,
Vol.67, No.5, pp. 2723-2729, ISSN 0022-538X
Stegmann, T.; Morselt, H.W.; Scholma, J. & Wilschut J. (1987). Fusion of influenza virus in an
intracellular acidic compartment measured by fluorescence dequenching.
Biochimica et Biophysica Acta, Vol.904, No.1, pp. 165-170, ISSN 0006-3002
Steinhauer, D.A. & Holland, J.J. (1987). Rapid evolution of RNA viruses. Annual review of
microbiology, Vol.41, pp. 409-433, ISSN 0066-4227

www.intechopen.com

Discovery of Novel Antiviral Agents Directed Against the Influenza A Virus Nucleoprotein

119

Stewart, M. (2000). Insights into the molecular mechanism of nuclear trafficking using
nuclear transport factor 2 (NTF2). Cell structure and function, Vol.25, No.4, pp. 217225, ISSN 0386-7196
Stiver, H.G. (2004). The threat and prospects for control of an influenza pandemic. Expert
review of vaccines, Vol.3, No.1, pp. 35-42, ISSN 1476-0584
Su, C.Y.; Cheng, T.J.; Lin, M.I.; Wang, S.Y.; Huang, W.I.; Lin-Chu, S.Y.; Chen, Y.H.; Wu, C.Y.;
Lai, M.M.; Cheng, W.C.; Wu, Y.T.; Tsai, M.D.; Cheng, Y.S. & Wong, C.H. (2010).
High-throughput identification of compounds targeting influenza RNA-dependent
RNA polymerase activity. Proceedings of the National Academy of Sciences of the United
States of America, Vol.107,No.45, pp. 19151-19156, ISSN 0027-8424
Terry, L.J.; Shows, E.B. & Wente, S.R. (2007). Crossing the nuclear envelope: hierarchical
regulation of nucleocytoplasmic transport. Science, Vol.318, No.5855, pp. 1412-1416,
ISSN 0036-8075
Tran, T.H.; Nguyen, T.L.; Nguyen, T.D.; Luong, T.S.; Pham, P.M.; Nguyen, V.C.; Pham, T.S.;
Vo, C.D.; Le, T.Q.; Ngo, T.T.; Dao, B.K.; Le, P.P.; Nguyen, T.T.; Hoang, T.L.; Cao,
V.T.; Le, T.G.; Nguyen, D.T.; Le, H.N.; Nguyen, K.T.; Le, H.S.; Le, V.T.; Christiane,
D.; Tran, T.T.; Menno de, J.; Schultsz, C.; Cheng, P.; Lim, W.; Horby, P.; Farrar, J. &
World Health Organization International Avian Influenza Investigative Team.
(2004). Avian influenza A (H5N1) in 10 patients in Vietnam. The New England
journal of medicine, Vol.350, No.12, pp. 1179-1188, ISSN 0028-4793
Ungchusak, K.; Auewarakul, P.; Dowell, S.F.; Kitphati, R.; Auwanit, W.; Puthavathana, P.;
Uiprasertkul, M.; Boonnak, K.; Pittayawonganon, C.; Cox, N.J.; Zaki, S.R.;
Thawatsupha, P.; Chittaganpitch, M.; Khontong, R.; Simmerman, J.M. &
Chunsutthiwat, S. (2005). Probable person-to-person transmission of avian
influenza A (H5N1). The New England journal of medicine, Vol.352, No.4, pp. 333-340,
ISSN 0028-4793
Vanvoris, L.P.; Betts, R.F.; Hayden, F.G.; Christmas, W.A. & Douglas, R.G. (1981). Successful
treatment of naturally occurring influenza A/USSR/77 H1N1. The Journal of the
American Medical Association, Vol.245, No.11, pp. 1128-1131, ISSN 0098-7484
Varghese, J.N.; McKimm-Breschkin, J.L.; Caldwell, J.B.; Kortt, A.A. & Colman, P.M. (1992).
The structure of the complex between influenza virus neuraminidase and sialic
acid, the viral receptor. Proteins, Vol.14, No.3, pp. 327-332, ISSN 0887-3585
Varghese, J.N.; Epa, V.C. & Colman, P.M. (1995). Three-dimensional structure of the
complex of 4-guanidino-Neu5Ac2en and influenza virus neuraminidase. Protein
science, Vol.4, No.6, pp. 1081-1087, ISSN 0961-8368
von Itzstein, M.; Wu, W.Y.; Kok, G.B.; Pegg, M.S.; Dyason, J.C.; Jin, B.; Phan, T.V.; Smythe,
M.L.; White, H.F.; Oliver, S.W.; Colman, P.M.; Varghese, J.N.; Ryan, D.M.; Woods,
J.M.; Bethell, R.C.; Hotham, V.J.; Cameron, J.M. & Penn, C.R. (1993). Rational
design of potent sialidase-based inhibitors of influenza virus replication. Nature,
Vol.363, No.6428, pp. 418-423, ISSN 0028-0836
Wang, C.; Takeuchi, K.; Pinto, L.H. & Lamb, R.A. (1993). Ion channel activity of influenza A
virus M2 protein: characterization of the amantadine block. Journal of Virology,
Vol.67, No.9, pp. 5585-5594, ISSN 0022-538X
Wang, P.; Palese, P. & O'Neill, R.E. (1997). The NPI-1/NPI-3 (karyopherin alpha) binding
site on the influenza a virus nucleoprotein NP is a nonconventional nuclear
localization signal. Journal of Virology, Vol.71, No.3, pp. 1850-1856, ISSN 0022-538X

www.intechopen.com

120

Antiviral Drugs – Aspects of Clinical Use and Recent Advances

Wang, H.; Feng, Z.; Shu, Y.; Yu, H.; Zhou, L.; Zu, R.; Huai, Y.; Dong, J.; Bao, C.; Wen, L.;
Wang, H.; Yang, P.; Zhao, W.; Dong, L.; Zhou, M.; Liao, Q.; Yang, H.; Wang, M.; Lu,
X.; Shi, Z.; Wang, W.; Gu, L.; Zhu, F.; Li, Q.; Yin, W.; Yang, W.; Li, D.; Uyeki, T.M. &
Wang, Y. (2008). Probable limited person-to-person transmission of highly
pathogenic avian influenza A (H5N1) virus in China. Lancet, Vol.371, No.9622, pp.
1427-1434, ISSN 0140-6736
Weber, F.; Kochs, G.; Gruber, S. & Haller, O. (1998). A classical bipartite nuclear localization
signal on Thogoto and influenza A virus nucleoproteins. Virology, Vol.250, No.1,
pp. 9-18, ISSN 0042-6822
Webster, R.G.; Bean, W.J.; Gorman, O.T.; Chambers, T.M. & Kawaoka, Y. (1992). Evolution
and ecology of influenza A viruses. Microbiological reviews, Vol.56, No.1, pp. 152179, ISSN 0146-0749
White, J, Kartenbeck, J. & Helenius, A. (1982). Membrane fusion activity of influenza virus.
The EMBO journal, Vol.1, No.2, pp. 217-222, ISSN 0021-9525
Wingfiel, W.L.; Pollack, D. & Grunert, R.R. (1969). Therapeutic efficacy of amantadine HCl
and rimantadine HCl in naturally occurring influenza A2 respiratory illness in
man. The New England journal of medicine, Vol.281, No.11, pp. 579-584, ISSN 00284793
Wise, H.M.; Foeglein, A.; Sun, J.; Dalton, R.M.; Patel, S.; Howard, W.; Anderson, E.C.;
Barclay, W.S. & Digard, P. (2009). A complicated message: Identification of a novel
PB1-related protein translated from influenza A virus segment 2 mRNA. Journal of
Virology, Vol.83, No.16, pp. 8021-8031, ISSN 0022-538X
World Health Organization. (1980). A revision of the system of nomenclature for influenza
viruses: a WHO memorandum. Bulletin of the World Health Organization, Vol.58,
No.4, pp. 585-591
Yamashita, M. (2011). Laninamivir and its prodrug, CS-8958: long-acting neuraminidase
inhibitors for the treatment of influenza. Antiviral chemistry & chemotherapy, Vol.21,
No.2, pp. 71-84, ISSN 0956-3202
Ye, Q.; Krug, R.M. & Tao, Y.J. (2006). The mechanism by which influenza A virus
nucleoprotein forms oligomers and binds RNA. Nature, Vol.444, No.7122, pp. 10781082, ISSN 0028-0836

www.intechopen.com

Antiviral Drugs - Aspects of Clinical Use and Recent Advances
Edited by Dr. Patrick Arbuthnot

ISBN 978-953-51-0256-4
Hard cover, 194 pages
Publisher InTech
Published online 14, March, 2012
Published in print edition March, 2012
The articles that appear in Antiviral Drugs - Aspects of Clinical Use and Recent Advances cover several topics
that reflect the varied mechanisms of viral disease pathogenesis and treatment. Clinical management and new
developments in the treatment of virus-related diseases are the two main sections of the book. The first part
reviews the treatment of hepatitis C virus infection, the management of virus-related acute retinal necrosis, the
use of leflunomide therapy in renal transplant patients, and mathematical modeling of HIV-1 treatment
responses. Basic research topics are dealt with in the second half of the book. New developments in the
treatment of the influenza virus, the use of animal models for HIV-1 drug development, the use of single chain
camelid antibodies against negative strand RNA viruses, countering norovirus infection, and the use of plant
extracts to treat herpes simplex virus infection are described. The content of the book is not intended to be
comprehensive, but aims to provide the reader with insights into selected aspects of established and new viral
therapies.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:
Yoko Aida, Yutaka Sasaki and Kyoji Hagiwara (2012). Discovery of Novel Antiviral Agents Directed Against the
Influenza A Virus Nucleoprotein, Antiviral Drugs - Aspects of Clinical Use and Recent Advances, Dr. Patrick
Arbuthnot (Ed.), ISBN: 978-953-51-0256-4, InTech, Available from: http://www.intechopen.com/books/antiviraldrugs-aspects-of-clinical-use-and-recent-advances/discovery-of-novel-antiviral-agents-directed-against-theinfluenza-a-virus-nucleoprotein

InTech Europe

InTech China

University Campus STeP Ri
Slavka Krautzeka 83/A
51000 Rijeka, Croatia
Phone: +385 (51) 770 447
Fax: +385 (51) 686 166
www.intechopen.com

Unit 405, Office Block, Hotel Equatorial Shanghai
No.65, Yan An Road (West), Shanghai, 200040, China
Phone: +86-21-62489820
Fax: +86-21-62489821

© 2012 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Attribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

