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Influenza A viruses are responsible for sporadic pandemics that 
usually cause higher mortality rates than seasonal influenza 
epidemics. The most severe pandemic occurred in 1918, resulting 
in approximately 40 million deaths worldwide1. There were also 
pandemics in 1957 and 1968. In fact, we are currently in the midst of a  
pandemic caused by a virus originating in swine, the 2009 H1N1 virus 
or ‘swine flu’2,3. In addition, H5N1 viruses (‘bird flu’), which are also 
currently circulating, are extremely virulent in humans but have not 
yet acquired the ability for efficient human-to-human transmission 
(http://www.who.int/csr/disease/avian_influenza/country/cases_
table_2009_07_01/en/index.html).

Influenza A viruses infect a wide range of avian and mammalian 
hosts, unlike influenza B viruses, which infect only humans. The enve-
lope of influenza A viruses contains two different surface glycopro-
teins, hemagglutinin (HA) and neuraminidase (NA)4,5. Influenza A 
viruses are categorized into antigenic HA and NA subtypes: 16 HA 
(H1–H16) and 9 NA (N1–N9) antigenic subtypes have been identified 
so far. Swine flu is an H1N1 virus because it contains a H1 subtype 
HA and a N1 subtype NA. The major influenza A subtypes that have 
infected humans during seasonal epidemics are H1N1, H2N2 and 
H3N2. Within a subtype, different strains arise as a result of point 
mutations. Influenza A viruses evolve constantly, and new mutant 
strains replace the old, in the process known as ‘genetic drift’. Each 
year, new influenza vaccines are designed by predicting the genetic 
drift of seasonal influenza A. Usually a pandemic occurs because of 
the emergence of a virus containing a new HA subtype, such as the 
H3 subtype in the 1968 pandemic. New HA subtypes are derived from 
wild birds, which are the reservoir of influenza A viruses, and are 
subsequently incorporated into human virus strains via reassortment 

of genomic RNA segments between human and avian influenza A 
virus strains. Alternatively, all eight genomic RNAs may be derived 
from an avian virus, and such a progenitor virus then undergoes mul-
tiple mutations in the process of adapting to the mammalian host6.

The current swine flu has emerged from reassortment of gene seg-
ments from North American and Eurasian swine strains that have 
been undetectably circulating in humans for a long period of time3. 
The H1-subtype HA of swine flu differs substantially from recent 
H1 HAs of seasonal influenza A viruses. Consequently, most of the 
human population lacks immunological protection against this virus, 
resulting in a pandemic. It is unusual for a pandemic virus to have the 
same HA subtype as currently circulating seasonal strains.

The primary defense against influenza A has been vaccination with 
inactivated or live-attenuated virus that is reformulated each year. 
Antivirals have also been used for both prophylactic and therapeutic 
treatments during seasonal epidemics5. Additionally, antivirals are 
particularly important at the beginning of a fast-spreading pandemic 
because the timely production of sufficient amounts of an effective 
vaccine is difficult. Current antivirals are directed against the M2 ion-
channel protein (adamantanes) and NA (zanamivir and oseltamivir). 
However, many influenza A virus strains7 have developed resistance  
to adamantanes and/or oseltamivir (http://www.who.int/csr/ 
disease/influenza/h1n1_table/en/index.html), highlighting the need 
for the development of new antiviral drugs. These health concerns 
have spurred considerable interest in understanding the molecular 
biology of influenza A viruses, and numerous structural studies of 
influenza virus proteins have been published in the last few years. 
These studies, in combination with extensive molecular biology and 
virology research initiatives, have provided opportunities to inves-
tigate several viral proteins and their interactions as targets for new 
chemotherapeutic agents.

Influenza A contains eight negative-stranded RNA genomic seg-
ments. The three largest RNA segments encode the three viral RNA-
dependent RNA polymerase (RdRP) proteins: polymerase acidic 
protein (PA), polymerase basic protein 1 (PB1) and PB2. The RNA seg-
ment for PB1 also encodes a small 87-residue nonstructural protein, 
PB1-F2, which has apoptotic functions8. The three intermediate-size  
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The world is currently undergoing a pandemic caused by an H1N1 influenza A virus, the so-called ‘swine flu’. The H5N1 (‘bird 
flu’) influenza A viruses, now circulating in Asia, Africa and Europe, are extremely virulent in humans, although they have not so 
far acquired the ability to transfer efficiently from human to human. These health concerns have spurred considerable interest in 
understanding the molecular biology of influenza A viruses. Recent structural studies of influenza A virus proteins (or fragments) 
help enhance our understanding of the molecular mechanisms of the viral proteins and the effects of drug resistance to improve 
drug design. The structures of domains of the influenza RNA-dependent RNA polymerase and the nonstructural NS1A protein 
provide opportunities for targeting these proteins to inhibit viral replication.
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RNA segments encode HA, NA and the nucleoprotein. The larger of 
the remaining two segments encodes the M1 matrix protein and the  
M2 ion-channel protein, and the smaller one encodes two nonstruc-
tural proteins, NS1A and NS2/NEP. Here we present a structural- 
biology perspective on the existing and emerging molecular targets 
for anti-influenza drugs. The viral proteins are discussed in the order 
of their primary functions in the influenza A life cycle as outlined in 
the schematic representation in Figure 1.

Hemagglutinin
HA molecules, which form trimers, attach the virus to sialic acid 
receptors on the cell surface and mediate the release of viral ribo
nucleoprotein particles (vRNPs) into the cytoplasm. A newly synthesized  
~70-kDa HA is cleaved into HA1 and HA2, which are disulfide linked 
(Fig. 2a). HA1 contains the sialic acid binding site. After binding, 
the virus is internalized in endosomes (Fig. 2b). Acidification of the 
endosomes triggers a marked, irreversible conformational change 
in HA. This change includes dissociation of HA1 from the endo-
somal membrane and its movement away from HA2; a loop-to-helix  

transition in HA2 enables the fusion peptide at the N terminus of HA2 
to attach to the endosomal membrane (see refs. 9,10 for details) and 
promote the fusion of the viral and endosomal membranes, resulting 
in the release of the vRNPs into the cytoplasm.

Small molecules that block this irreversible reorganization of HA 
would be expected to inhibit virus entry. tert-Butylhydroquinone 
(TBHQ)11 binds prefusion HA trimers (Fig. 2b) at the interface 
between HA monomers12 and inhibits the low-pH conformational 
change of HA. The way TBHQ fits into this pocket suggests that specific  
modifications of this inhibitor would improve binding affinity, pos-
sibly leading to an antiviral drug. The TBHQ binding site is present 
only in group 2 HAs, which includes the H3 HA subtype, and is absent 
in group 1 HAs, which includes the subtypes H1, H2 and H5.

Although the vast majority of human antibodies are directed against 
several regions of the head of the HA1 (Fig. 2b), which undergoes fre-
quent antigenic change, two human monoclonal antibodies, CR6261 
(ref. 13) and F10 (ref. 14), have been shown to neutralize diverse influ-
enza A subtypes. Structural studies of these human monoclonal anti-
bodies in complex with HA have identified a conserved epitope near the 
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Figure 1  Influenza A life cycle. (a) Influenza A 
virus has a lipid bilayer envelope, within which 
are eight RNA genomic segments, each of 
which is associated with the trimeric viral RNA 
polymerase (PB1, PB2, PA) and coated with 
multiple nucleoproteins (NPs) to form the vRNPs. 
The outer layer of the lipid envelope is spiked with 
multiple copies of HA, NA and a small number 
of M2, whereas the M1 molecules keep vRNPs 
attached to the inner layer. (b) The viral surface 
glycoprotein HA binds to the host cell-surface 
sialic acid receptors, and the virus is transported 
into the cell in an endocytic vesicle. The low pH in 
the endosome triggers a conformational change in 
the HA protein that leads to fusion of the viral and 
endosomal membranes. The low pH also triggers 
the flow of protons into the virus via the M2 ion 
channel, thereby dissociating the vRNPs from M1 
matrix proteins. The vRNPs that are released into 
the cytoplasm are transported into the nucleus by 
recognition of the nuclear localization sequences 
(NLSs) on nucleoproteins83 only when the M1 
molecules are dissociated. (c) In the nucleus, the 
viral polymerase initiates viral mRNA synthesis 
with 5′-capped RNA fragments cleaved from  
host pre-mRNAs. The PB2 subunit binds the  
5′ cap of host pre-mRNAs84, and the endo
nuclease domain in PA subunit cleaves the  
pre-mRNA 10–13 nucleotides downstream 
from the cap85. Viral mRNA transcription is 
subsequently initiated from the cleaved 3′ end 
of the capped RNA segment85,86. This ‘cap 
snatching’ occurs on nascent pre-mRNAs.  
(d) Viral mRNAs are transported to the cytoplasm 
for translation into viral proteins. The surface 
proteins HA, M2 and NA are processed in the 
endoplasmic reticulum (ER), glycosylated in 
the Golgi apparatus and transported to the cell 
membrane. (e) The NS1 protein of influenza A virus serves a critical role in suppressing the production of host mRNAs by inhibiting the 3′-end processing 
of host pre-mRNAs60,87, consequently blocking the production of host mRNAs, including interferon-β mRNAs. Unlike host pre-mRNAs, the viral mRNAs do 
not require 3′-end processing by the host cell machinery. Therefore, the viral mRNAs are transported to the cytoplasm, whereas the host mRNA synthesis is 
predominantly blocked. (f) The viral polymerase is responsible for not only capped RNA-primed mRNA synthesis but also unprimed replication of vRNAs in 
steps (−) vRNA → (+) cRNA → (−) vRNA. The nucleoprotein molecules are required for these two steps of replication and are deposited on the cRNA and 
vRNA during RNA synthesis30. The resulting vRNPs are subsequently transported to the cytoplasm, mediated by a M1–NS2 complex that is bound to the 
vRNPs; NS2 interacts with human CRM1 protein that exports the vRNPs from the nucleus88. (g) The vRNPs reach the cell membrane to be incorporated into 
new viruses (reviewed in ref. 89) that are budded out. The HA and NA proteins in new viruses contain terminal sialic acids that would cause the viruses to 
clump together and adhere to the cell surface. The NA of newly formed viruses cleaves these sialic acid residues, thereby releasing the virus from the host cell.
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base of HA to which the heavy chain of either antibody binds (Fig. 2b). 
This region is near the TBHQ binding pocket, indicating that binding 
of these antibodies would inhibit the low-pH conformational change 
of HA. Because administering F10 to mice protects against subsequent 
influenza A virus infection14, it is conceivable that these monoclonal 
antibodies might be used for passive immunity in humans.

M2 ion-channel protein
The M2 protein, specific to influenza A viruses, is the target for the ada-
mantane drugs amantadine and rimantadine (Fig. 3). The structure and 
function of M2 protein have been characterized using extensive bio-
chemical, biophysical and structural studies; however, many aspects of 

the molecular basis of selective proton transport at low pH, drug bind-
ing, mechanism of inhibition and effects of drug-resistance mutations 
remain unclear15,16. The 97-residue M2 protein has a transmembrane 
(TM) domain and a C-terminal cytoplasmic amphiphilic helix. The pro-
ton channel features a tetrameric arrangement of TM helices (Fig. 3). A 
number of recent X-ray crystallographic as well as solution- and solid-state  
NMR structural studies of M2 TM domains under various conditions, 
including various M2 constructs with or without a cytoplasmic tail, dif-
ferent pH and with or without adamantanes, have shown significant 
conformational heterogeneity and malleability of the TM tetramer17–20. 
However, the conformational variations in the arrangements of TM helices  
might be influenced by protein construct lengths and experimental  
conditions. Highly conserved residues His37 and Trp41 are located in the 
proton channel and are critical in the proton transport process. His37 
is protonated at low pH21, which enhances the proton flow22. Trp41 
residues, positioned adjacent to His37, are clustered at high pH, forming 
a ‘channel gate’ that blocks the proton channel. The gate opens up at low 
pH in association with the rearrangement of TM helices18,23.

The most prevalent adamantane-resistance M2 mutation, S31N, 
is located along the inside rim of the pore (Fig. 3c). The exact 
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Figure 2  Structural arrangement of HA trimers at prefusion state.  
(a) The HA precursor (HA0) is cleaved into sialic acid receptor binding 
domain (HA1) and ectodomain (HA2) that remain disulfide linked;  
TM, transmembrane anchor. (b) HA (HA1 + HA2) exists in trimeric form 
with a combined mass of ~220 kDa. Two HA molecules in a trimer90 are 
represented by their combined molecular surface, whereas the third one 
is shown in a ribbon representation, color coded according to panel a. 
The head of the HA1 chain (blue), which binds sialic acid receptors, has 
essentially all the antigenic sites against which human antibodies are 
directed. The HA1 head region is closely associated with the central coiled-
coil trimeric α-helices (green). At fusion (low) pH, all three HA1 heads 
swing away from HA2 (ref. 91). The loops (red) connecting the coiled-coil 
stem to the fusion peptides are refolded to form helical structures that 
extend the coiled coil and expose the fusion peptides at the N-terminal end 
of HA2 (NHA2), which then contacts the endosome membrane for the fusion 
step9. Binding of the small-molecule inhibitor TBHQ12 (orange) at the  
HA:HA interface or binding of human monoclonal antibody CR6261 
(yellow)13 or F10 (salmon)14 to a conserved region adjacent to the TBHQ 
pocket inhibits the low pH conformational change of HA.
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Figure 3  Structure, function and inhibition  
of the proton channel M2 protein of influenza 
A. (a) The vRNPs are attached to the lipid 
bilayer membrane via M1 matrix proteins. 
Influx of the protons from endosome to  
virus through M2 channels releases vRNPs. 
(b) The adamantanes (amantadine and 
rimantadine) inhibit the proton flow through 
the tetrameric M2 channel. (c) X-ray and  
NMR structures of M2 channel. (i) crystal 
structure of the transmembrane (TM) domain 
of M2–amantadine complex at pH 5.3 in 
which the drug (orange) binds M2 near Ser31 
(ref. 17); (ii) solution NMR structure of 
M2–rimantadine complex at pH 7.5 reveals 
that the drug binds the individual M2 TM 
helix near Trp41 (ref. 18) (this structure also 
contains the C terminus cytoplasmic tail helix, 
not shown in the figure); (iii) solid-state NMR 
structure of M2–amantadine complex at  
pH 7.5 (ref. 19) reveals the drug binding to the 
proton channel, which is analogous to that in 
structure i (however, the spatial arrangements of the TM helices are different); and (iv) the arrangement of M2 TM helices as revealed by a solid-state NMR 
study of amantadine-bound M2 TM helix at pH 8.8 (ref. 92). The side chains of Ser31 (gray), His37 (cyan) and Trp41 (yellow) are shown in each structure.
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site of adamantane drug binding to the M2 TM domain remains 
controversial. X-ray17 and solid-state NMR19 structures indicate 
that an amantadine molecule binds the proton channel near the 
Ser31 cluster (Fig. 3c, i and iii), thereby physically obstructing the 
pore (the so-called ‘pore-blocking model’). Moreover, solid-state 
NMR data show substantial chemical-shift perturbation for Ser31 
upon binding of amantadine19, and a chimeric proton channel com-
prised of the adamantane-insensitive influenza B M2 protein and a 
stretch of pore residues from influenza A M2 becomes sensitive to  
amantadine24. Alternatively, the solution NMR structures of 
M2 bound to rimantadine suggested an allosteric mechanism of 
M2 inhibition18 (Fig. 3c, ii). Here rimantadine molecules bind 
in the vicinity of the Trp41 gate to four equivalent lipid-facing 
pockets formed by adjacent helices, locking the tetrameric TM 
domain in its closed state. A subsequent structure of the S31N 
mutant M2 and biochemical analyses proposed that the drug- 
resistance mutation impairs the binding of rimantadine to the 
allosteric lipid-facing pocket by destabilizing the closely packed TM  
helices20. From a drug-discovery point of view, new M2 inhibitors  
have been reported25; however, their effectiveness against adamantane- 
resistant viruses remains to be established.

Nucleoprotein
Nucleoprotein molecules encapsidate the viral single-stranded RNAs 
(ssRNAs); multiple copies of nucleoprotein molecules, a ssRNA 
genome segment and a polymerase complex (P complex) are pack-
aged into each vRNP that is incorporated into the virus (Fig. 1). 
Nucleoprotein molecules also participate in the nuclear import and 
export of vRNPs and viral replication, and they interact with host 
proteins (see ref. 26). Structurally, nucleoprotein molecules are char-
acterized as parts of vRNPs by electron microscopy27 or as isolated 
nucleoprotein molecules by X-ray crystallography28,29. A nucleoprotein  
molecule folds into a crescent shape with a head and a body domain 
(Fig. 4), and the ssRNA binding groove is located on the exterior surface 
between the two domains of the nucleoprotein. Each nucleoprotein 
molecule has a tail loop that is inserted into a neighboring nucleo-
protein molecule, resulting in the oligomerization of nucleoprotein, 

which is required for vRNP formation. A 12-residue tip of this 
loop (residues 408–419) is tightly gripped in a 16 × 16 × 10 Å3  
loop-binding cavity between the head and body domains at the back 
of a neighboring nucleoprotein molecule. This interface involves 
both hydrophilic and hydrophobic interactions. In particular, a 
deeply buried intersubunit salt bridge between Arg416 in the tail 
loop and Glu339 in the neighboring nucleoprotein molecule is criti-
cal in this nucleoprotein-nucleoprotein interaction, as established by 
site-directed mutagenesis experiments. Hydrophobic patches in the 
cavity interact with the hydrophobic side chains of Ile408, Pro410, 
Phe412, Val414 and Pro419 in the tail loop (Fig. 4). The loop-binding  
cavity of nucleoprotein may be a viable target for small-molecule 
drugs that mimic the key structural features of the tail loop and would 
be expected to interfere with the oligomerization of nucleoprotein 
molecules. Nucleoprotein is also required for viral RNA replication, 
and recent evidence shows that the interaction of nucleoprotein with 
the viral polymerase mediates the switch from capped–primed viral 
mRNA synthesis to unprimed viral RNA replication30. Identification 
and structural characterization of this nucleoprotein-polymerase 
interaction might also reveal another drug target.

Viral polymerase
The viral polymerase (P complex) is a heterotrimer of subunits PA, 
PB1 and PB2 with a combined mass of ~250 kDa (Fig. 5a). P com-
plex carries out both mRNA transcription (Fig. 1c) and replication 
(Fig. 1f). Transcription involves (i) binding of the 5′ cap (m7GTP) 
of a host pre-mRNA to the PB2 subunit (PB2cap; residues 318–482),  
(ii) cleaving of a phosphodiester bond 10–13 nucleotides downstream 
of the cap and (iii) initiating transcription of viral mRNAs at the 
cleaved 3′ end of the capped segment. The P complex also replicates 
the viral RNAs in a distinctly different process of unprimed initiation 
that requires nucleoprotein molecules. P complexes exist as hetero
trimers or as a part of vRNPs, as revealed by electron microscopy 
studies27,31,32. However, the molecular mechanisms by which the  
P complex carries out the two distinct processes, transcription and 
replication, are poorly understood. Extensive biochemical and viro-
logical as well as recent structural studies have begun to reveal the 
architecture and specific roles of this complex.

The PA subunit (i) has endonuclease and protease activities33,  
(ii) is involved in vRNA/complementary RNA (cRNA) promoter 
binding34 and (iii) interacts with the PB1 subunit. Recently, crystal 
structures of the N- and C-terminal domains of PA (PAN, residues 
1–197 (refs. 35,36), and PAC, residues 239–716 (refs. 37,38), respec-
tively) in complex with the N- terminal domain of PB1 (PB1N) have 
been solved. The PAN domain (Fig. 5b) has a cation-dependent endo-
nuclease active-site core39; the catalytic residues His41, Glu80, Asp108 
and Glu119 are conserved among influenza A subtypes and strains. 
As discussed above, cleavage of host pre-mRNA by PAN is essential 
for the synthesis of viral mRNAs. A deep cleft at the endonuclease 
active site (Fig. 5b) of PAN

35,36 is a promising site for structure-based 
design of novel anti-influenza drugs. Past efforts40,41 have generated 
influenza endonuclease inhibitors using structure-activity relation-
ships (SAR) based on the concept of a common metal-dependent 
endonucleolytic processing39, as no PAN structure was available. Such  
an inhibitor from Merck, L-735882, had shown influenza endo
nuclease activity–specific inhibition with IC50 ~ 1 µM, and it did not  
inhibit host endonuclease, polymerase, RNase A or RNase H activi-
ties40. Recent crystal structures may enable structure-based design 
of other such inhibitors with improved potency and specificity. Our 
modeling of an inhibitor, 2,4-dioxo-4-phenylbutanoic acid (unpub-
lished data), at the endonuclease active site (Fig. 5b) indicates that 
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Figure 4  Structure of nucleoprotein. A nucleoprotein monomer has a crescent-
shaped body and a tail loop. Comparison of two available crystal structures 
of nucleoprotein28,29 (PDB 2IQH and 2Q06) indicates the repositioning 
of the tail loop; the domain names28 are swapped to represent the current 
orientation. The tail loop of the neighboring nucleoprotein molecule (green) 
binds to a cavity at the back of the body domain. A zoomed view showing 
the binding of the tip of the tail loop (residues 408–419) to the loop-binding 
cavity, a potential site for drug design; the residues of the loop are labeled.
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it would coordinate with the catalytic metal ions, and the phenyl 
ring would be positioned in an extended cavity. In agreement with 
published SAR data40, the docked model suggests that favorable 
substations at the phenyl ring with larger chemical groups would 
enhance inhibitor-protein interactions, whereas substitutions at the 
dioxobutanoic acid part could cause steric hindrance and/or elimi-
nate metal coordination.

The PAC domain interacts with the N terminus of PB1N. The crystal 
structures of the PAC–PB1N complex37,38 (Fig. 5c) show that only the 
first 14 residues (2–15) of PB1N bind PAC; interactions between a 
small 310-helix carrying the residue sequence PTLLFLK of PB1N and 
a cleft flanked by four almost-parallel α-helices (α8, α10, α11 and 
α13) and a β-hairpin (β8−β9) are predominantly responsible for the 
stable complex formation between the domains of PA and PB1. The 
residues from PAC and PB1N at the interface are highly conserved 
in H1N1, H5N1 and other influenza A viruses. The PB1N binding  
core (Fig. 5c) in PAC, with an approximate height and diameter of 
about 15 and 10 Å, respectively, bears the chemical characteristics of 
a drug-binding site having potential to form four or five hydrogen 
bonds and elaborated hydrophobic interactions for binding small 
molecules. Mutations of key interface residues or use of a PB1N  
peptide inhibit viral replication and transcription38,42, which suggests 
a crucial role of the PAC-PB1N interactions in polymerase activity and/
or heterotrimer formation. Therefore, novel chemotherapeutic agents 
mimicking the PB1N 310-helix are potential influenza inhibitors.

The PB1 subunit contains the RdRP active site and interacts with 
both PA and PB2 at distinct sites (Fig. 5a). A recently determined struc-
ture of a PB1C (residues 678–757)–PB2N (residues 1–35) complex43 
reveals that three helices from each of the domains are bundled to 
form a ‘revolver-shaped’ structure (Fig. 5d). Mutations at the interface 
inhibit RNA synthesis, suggesting that compounds that can dissociate 

the PB1–PB2 complex would be potential influenza A inhibitors; how-
ever, a flat and extended interface may pose significant challenges in 
developing such a nonpeptide small-molecule inhibitor.

The PB2 subunit is responsible for cap binding44, and the C terminus 
of PB2 contains a bipartite nuclear localization signal (NLS) sequence 
for nuclear import from the cytoplasm. The crystal structure45 of  
the PB2 cap binding domain (PB2cap; residues 318–483) bound to a 
5′-cap analog (m7GTP) (Fig. 5e) reveals a novel protein fold yet shares 
common features with known cap-binding proteins like eIF4E46 and 
vaccinia virus VP39 (ref. 47). In the PB2cap structure, the guanine base 
is sandwiched between His357 and Phe404, the guanine-base atoms N1 
and N2 form a salt bridge with Glu361 and the presence of 7-methyl in 
the cap provides significant binding affinity for m7GTP versus GTP45. 
A cap mimic, if designed, would inhibit the transcription of influenza 
mRNAs; however, the similar cap-binding mode of host cap-binding 
proteins46 may pose a significant challenge for overcoming cytotoxicity 
of such an influenza inhibitor.

PB2C (residues 678–757; Fig. 5f) contains a bipartite NLS sequence 
that is responsible for nuclear import of the subdomain. A combined  
study of the solution NMR structure of PB2C and its crystal structure 
in complex with human importin α5 (ref. 48) showed the presence of 
a K736RKR739X(12)K752RIR bipartite NLS sequence49. An extended  
C-terminal fragment of PB2 (refs. 50,51) adjacent to the NLS-containing  
PB2C domain (Fig. 5f) has been structurally characterized and 
identified as an RNA binding domain (residues 535–684). The 
fragment contains the residue Lys627, which is important for viral 
replication in mammalian hosts; however, the absence of a com-
plete structure of the P complex at atomic resolution fails to explain 
the relative arrangements of the functional domains and specific 
roles of residues such as Lys627 in viral replication. The replica-
tion of the viral RNA (vRNA→ cRNA → vRNA) by the influenza 
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Figure 5  Structurally characterized fragments 
of influenza A polymerase complex (P-complex) 
that is involved in transcription and replication. 
(a) The heterotrimetric polymerase has subunits 
PA, PB1 and PB2 with a combined mass of 
~250 kDa. The segments that have structural 
information are represented as colored bars—the 
colors correspond to the respective structures in 
the surrounding panels. (b) Ribbon representation 
of PAN domain (above) and electrostatic 
potential surface (below) of the endonuclease 
active site region35,36. We have docked an 
influenza endonuclease inhibitor, 2,4-dioxo-4-
phenylbutanoic acid40 (yellow), that coordinates 
with the active-site metal ions (M1 and M2). 
The large cavity to which the phenyl ring points 
is a potential target for designing inhibitors with 
high binding affinity. (c) Ribbon representation 
(above) of PAC domain (green) in complex with 
an N-terminal helix of PB1N (gold) and the 
molecular surface of a section of the structure37,38 
(below). The PB1N helix (P5TLLFLK11), shown 
in space-filling model, occupies a pocket which 
is a likely target for small-molecule inhibitors of 
PAC:PB1N dimerization. The PB1N helix has both 
hydrophobic and hydrogen-bond interactions with 
the PAC pocket residues that can be exploited 
for the inhibitor design. (d) Structure of PB1C–
PB2N complex shows a ‘revolver-shaped’ helix 
bundle43. (e) The structure of the CAP (m7GTP) 
binding moiety PB2cap in complex with a m7GTP molecule45. (f) C-terminal region of PB2 contains a bipartite nuclear localized sequence (NLS) domain 
(blue), the structure of which was determined in complex with importin α5 (ref. 48). The adjacent domain (cyan) contains an RNA-binding cleft50.
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P complex seemingly shares a related structural architecture with 
the functionally comparable reovirus RNA polymerase λ3 (ref. 52). 
Based on superposition of the structures of PAC and the N-terminal 
domain of λ3 and docking of the PAC domain into the reconstructed 
electron microscopy structures of influenza polymerase complex, a 
previous study37 proposed a λ3 RdRP–based model53 for influenza 
polymerase. Structural characterization of the polymerase domain 
and biochemical information on the roles and interdependency of 
the domains of P complex may help reconstitute a more reliable 
atomic model of the complex. Nonetheless, the recent structures of 
domains of the P complex have started unraveling the promising 
target sites for designing new anti-influenza drugs.

Nonstructural protein NS1A
The multifunctional NS1A protein has two domains. NS1AN (resi-
dues 1–70) exists in a homodimeric state that binds double-stranded 
RNA (dsRNA) in a non–sequence specific manner. The structures of 
NS1AN

54,55 alone and in complex with a dsRNA56 (Fig. 6a) revealed 
the dsRNA binding surface and mapped the specific RNA-protein 
interactions. A conserved residue, Arg38, from each of the NS1AN 
monomers is paired to interact with the dsRNA at its major grove56. 
The primary function of the NS1AN domain is the inhibition of 
the interferon (IFN)-α/β–induced 2′-5′-oligo A synthetase/RNase L 
pathway by sequestering dsRNA away from 2′-5′-oligo synthetase57. 
An influenza A/Udorn/307/72 virus (Udorn virus) that encodes an 
R38A mutant NS1A protein is highly attenuated57, indicating that 
drugs that interfere with NS1AN-RNA binding should inhibit virus 
replication. The NS1AN dimer has a small cavity at the center of its 
two-fold axis, and the cavity opens toward the RNA-binding surface. 
Structure-based design of compounds to specifically bind the cavity 
and interfere with the NS1AN-dsRNA binding may generate effective 
inhibitors of influenza A. Also, disruption of homodimer formation 
(Fig. 6a) would block dsRNA binding to NS1A.

NS1AC (residues 86–230/237), also known as the effector domain, 
binds several cellular proteins: (i) the p85β subunit of phosphatidyl
inositol-3 kinase (PI3K), leading to the activation of PI3K signaling58; 
(ii) protein kinase R (PKR), thereby inhibiting a PKR activation59 
pathway that would otherwise cause the inhibition of protein synthe-
sis and hence virus replication; and (iii) the 30-kDa subunit of cleav-
age and polyadenylation specificity factor (CPSF30) to inhibit 3′-end  

processing of cellular pre-mRNAs, including IFN-β pre-mRNA60.  
A fragment containing the second and third (F2F3) of the five zinc-
binding domains of CPSF30 has been shown to inhibit influenza 
A viral replication and increase production of IFN-β mRNA61, 
showing that F2F3 blocks CPSF30 binding to NS1AC. A crystal  
structure of the NS1AC–F2F3 complex62 revealed the formation 
of a 2:2 tetrameric complex (Fig. 6b). Comparison of the struc-
ture of the complex with a structure of the apo NS1AC domain63 
revealed significant structural rearrangement of NS1AC upon 
F2F3 binding: two NS1AC molecules in a head-to-head arrange-
ment are wrapped with two F2F3 molecules and the apo NS1AC 
molecules are arranged side by side (Fig. 6c). The structure of the 
complex also revealed a hydrophobic CPSF30 binding pocket on 
the NS1AC surface (Fig. 6d) that is composed of highly conserved 
residues. A Udorn virus encoding NS1A with a single CPSF30  
binding-pocket mutation (G184R) is attenuated and does not 
inhibit IFN-β pre-mRNA processing, confirming that the F2F3 
fragment indeed blocks CPSF30 binding to NS1A. In the absence 
of F2F3 binding, the pocket (Fig. 6d) is not formed, and a key con-
served surface hydrophobic residue Trp187 is hidden at a dimeric 
interface (Fig. 6c) between symmetry-related molecules in the  
apo structures63,64.

The hydrophobic CPSF30 binding pocket is conserved in almost 
all (>98%) influenza A viruses isolated from humans, except for resi-
dues Ile119 and Val180 at the edge of the pocket, which are substi-
tuted with hydrophobic homologs Met119 and Ile180, respectively, 
in some viruses. The NS1A proteins of several human influenza A 
viruses block IFN production via NS1A-CPSF30 binding65. Further 
evidence for the biological significance of the NS1A–CPSF30 complex 
and the common use of this pocket was revealed by the analysis of two 
residues in the NS1A protein, Phe103 and Met106, that are outside 
the conserved CPSF30 binding pocket (Fig. 6b). These two residues 
are involved in both NS1A-NS1A and NS1A-F2F3 interactions that 
stabilize the tetrameric NS1AC–F2F3 complex62. Phe103 and Met106 
are highly conserved (99.7%) in the NS1A proteins of influenza A 
viruses isolated from humans. The NS1A protein of the 2009 H1N1 
virus has the consensus CPSF30 binding sequence and consensus 
Phe103 and Met106 residues. The small number of human influenza 
A viruses that express a NS1A protein with residues other than Phe103 
and Met106 includes the laboratory-generated influenza A/PR/8/34 
strain65 and the pathogenic H5N1 viruses transmitted to humans in 
1997 (ref. 61). Nonetheless, as shown by experiments using the H5N1 
influenza A/Hong Kong/483/97 virus (HK97), the NS1A protein  
expressed by these 1997 H5N1 viruses, which contain Leu103 and Ile106, 
binds CPSF30 to a significant, though nonoptimal, extent in infected 
cells because its cognate viral polymerase complex (PB1, PB2, PA, nucleo
protein) stabilizes the NS1A–CPSF30 complex66. Because of weakened 
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Figure 6  Structures of N- and C-terminal domains of influenza A 
nonstructural protein NS1A and complexes. (a) The N-terminal domain 
(NS1AN) forms a highly stable dimer that binds dsRNA in a non–sequence 
specific manner56. (b) The C-terminal effector domain (NS1AC) has been 
shown to bind F2F3 zinc fingers of human CPSF30 (ref. 62); this function 
of NS1A is essential to inhibit 3′-end processing of cellular pre-mRNAs60. 
(c) The dimer interface in apo NS1AC. (d) Upon binding of CPSF30, the 
NS1AC domain undergoes conformational changes (from c to d) to create 
a hydrophobic pocket that accommodates three aromatic residues of 
the F3 zinc finger. The pocket region is highly conserved in influenza A 
viruses and is a promising target for anti–influenza A drugs that would 
block a key host and viral protein interaction. In apo structures63,64, as 
represented in c, the pocket does not exist, and a hydrophobic patch at 
the region is hidden at an intermolecular interface, primarily due to the 
conserved Trp187 side chain.
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CPSF30 binding, the H5N1 HK97 virus is attenuated in tissue culture61 
and shows decreased virulence in mice (M.J. Hossain, R.M.K. and  
R. Donis, unpublished data). In contrast, essentially all highly pathogenic 
H5N1 viruses in circulation since 2003 possess the consensus Phe103 
and Met106 residues in NS1A and bind CPSF30 efficiently61.

The above facts establish that influenza A virus replication can be 
inhibited by interfering with NS1AC-CPSF30 binding, and the struc-
tural features of the F3 binding pocket on NS1AC show the charac-
teristics of a viable drug target. Small molecules mimicking the three 
aromatic residues (Tyr97, Phe98 and Phe102) of F3 on a helix back-
bone are predicted to inhibit viral replication by inhibiting CPSF30 
binding to NS1A62. Such an inhibitor will interfere with interactions 
between a viral and a host protein. This differs from the actions of all 
other proposed and existing influenza drugs that primarily inhibit viral 
enzymes or interfere with interactions between viral entities only.

Neuraminidase
The flu drugs oseltamivir67 and zanamivir68 are sialic acid–
mimicking inhibitors of NA (Fig. 7a). These drugs were developed 
by structure-based drug-design efforts (see the review in ref. 69). 
The sialic acid binding pocket in NA was described when the initial 
crystal structure of NA was reported70,71. Chemical modifications 
and substitutions to a sialic acid backbone based on structural 
information led to the design of these drugs. For example, substi-
tuting the 4-hydroxyl group of sialic acid with a guanidine group in 
zanamivir (Fig. 7a,b) helped gain binding affinity through interac-
tions with surrounding acidic-residue side chains of Asp151 and 
Glu227, main chain carbonyls of Asp151 and Trp178 and hydropho-
bic stacking with Glu119. The glycerol moiety, which is common 
to both sialic acid and zanamivir, has O-H…O type interactions 
with Glu276. Oseltamivir, which has the chemical substitutions of 
the glycerol part with a hydrophobic l-ethylpropoxy group and the 
guanidine group with an amine, reduced the polarity and increased 
lipophilicity of the compound, which could then be formulated  
as an oral pro-drug, in contrast to zanamivir, which is inhaled.  
A difference in oseltamivir binding compared with zanamivir and 
sialic acid binding is that Glu276 forms a hydrophobic stacking 
with the ethylpropoxy group of oseltamivir compared to its hydro-
gen bond with the glycerol moiety of zanamivir or sialic acid. 
Influenza viruses have developed oseltamivir resistance primarily 
through H274Y substitution in NA. A structural study revealed that 
the NA mutant72 discriminates against the l-ethylpropoxy group 
substitution in oseltamivir by repositioning the residue Glu276 
through the H274Y mutation (Fig. 7b,c). The mutation R292K, 

which causes resistance to oseltamivir and a low level of resistance 
to zanamivir, also repositions the side chain of Glu276.

A viable drug-resistant mutant discriminates against an inhibitor 
while retaining reasonable substrate-binding affinity. Therefore, an 
inhibitor that deviates least from the substrate would be least affected 
by resistance mutations; however, chemical modifications are often 
required to reduce cytotoxicity and improve pharmacokinetic char-
acteristics of a drug candidate. Structures obtained from crystals of 
apo NA73 soaked with oseltamivir for a short period revealed the 
existence of a transient pocket adjacent to the sialic acid–binding 
pocket when compared to that observed in substrate- or inhibitor- 
bound NA structures. This new pocket, formed primarily by  
repositioning of the 150-loop73, suggests that NA undergoes confor-
mational changes upon substrate binding. The adaptability of the 
region may be exploited to accommodate wider chemical substitu-
tions in sialic acid mimics or allow the design of structurally distinct 
allosteric inhibitors to trap open conformations of the pocket region. 
Targeting the sialic acid binding pocket and the nearby pocket may 
resemble the ATP binding pocket and the adjacent pocket in protein 
kinases74. Extensive studies on targeting the ATP binding pocket and 
an adjacent non-ATP pocket in protein kinases may conceptually 
guide the design of new NA-inhibiting influenza drugs.

Conclusions
Treatment of seasonal and pandemic influenza is currently limited 
by the availability of only few drugs that are challenged by emergence 
of drug-resistant mutants. Analogous to the treatments used against 
HIV-1 infection, a combination of potent influenza drugs, each tar-
geting a different viral entity or with different modes of inhibition, 
would be expected to be more effective in treating virulent and pan-
demic influenza A viruses. In fact, combined use of amantadine and 
oseltamivir has been shown to reduce the emergence of drug-resistant 
influenza A viruses75. Lessons learned from designing HIV-1 drugs, 
such as HIV-1 protease substrate mimics76 (the design strategy of 
which is related to that of sialic acid–mimic NA-inhibiting influenza 
drugs77) and allosteric non-nucleoside reverse transcriptase inhibi-
tors78, may help in the development of influenza drugs against exist-
ing and emerging targets such that future influenza drugs will be 
more resilient to drug-resistant and pandemic influenza strains.

Note added in proof: the following relevant publications appeared  
while this review was in press: (i) a recent solid-state NMR spectroscopy 
study 79 confirms the binding of amantadine to the pore (high-affinity 
binding site) and the allosteric lipid-facing pocket (low-affinity binding 
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Figure 7  Binding of sialic acid–mimic drugs zanamivir and oseltamivir 
to neuraminidase (NA). (a,b) Chemical structures (a) and superposition 
of NA structures (b) show highly similar modes of binding for zanamivir 
(yellow) and oseltamivir (green) to sialic acid (gray) substrate, which 
reflects the influence of structures in the discovery of these drugs67,68. 
Recent crystal structures of oseltamivir-resistant mutant NA complexes72 
show how the virus uses the NA H274Y mutation to reposition Glu276, 
which discriminates the l-ethylpropoxy group of oseltamivir from the 
glycerol moiety of the substrate. The repositioned Glu276 side chain 
would develop steric conflict with the l-ethylpropoxy group of oseltamivir, 
whereas it could still maintain favorable interactions with the glycerol 
part, common to both sialic acid and zanamivir. (c) Comparison of the 
modes of binding of oseltamivir to wild-type and H267Y mutant NA 
(shown in green and cyan, respectively). The H264Y mutation affects the 
positioning of the l-ethylpropoxy group of oseltamivir. The rearrangement 
of l-ethylpropoxy group of oseltamivir is associated with loss of inhibitor-
protein interactions, resulting in a significant drug resistance.
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site); (ii) a crystal structure of NS1 effector domain in complex with the 
inter-SH2 (coiled-coil) domain of p85b subunit of PI3-K 80 suggests that 
the NS1:SH2 interactions, and possibly the NS1:p110 subunit interac-
tions, are responsible for PI3-K activation; (iii) investigational drug  
T-705 (favipiravir), an inhibitor of viral RNA synthesis, is reported to 
have antiviral activity against oseltamivir-sensitive and oseltamivir-
resistant H5N1 viruses81; and (iv) a new neuraminidase inhibitor is 
active against H5N1 and oseltamivir-resistant viruses82.
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