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There are 9 serotypes of neuraminidase (NA) from influenza A virus (N1 to N9), which are classified into two
groups based on primary sequences (groups 1 and 2). The structural hallmark of the two groups is the presence
or absence of an extra 150-cavity (formed by the 150-loop) in the active site. Thus far, structures of NAs from
6 out of the 9 serotypes have been solved. Here, we solved the N5 structure, the last unknown structure group
1 serotype with a unique Asn147 residue in its 150-loop, demonstrating that it has an extended 150-cavity that
closes upon inhibitor binding.

Influenza virus is the causative agent of seasonal and, occa-
sionally, pandemic flu (23). The outbreak of the swine origin
influenza A virus (S-OIV) H1N1 pandemic in 2009 has led to
serious economic losses and public panic, which illustrates the
importance of flu prevention and control. The neuraminidase
(NA) of influenza A virus is a surface glycoprotein that cleaves
terminally linked sialic acid from hemagglutinin (HA) binding
receptors to facilitate the release of progeny virions from in-
fected cells and prevent the aggregation of virus particles (5).
NA is the most efficient drug target for treatment of influenza
infection so far (7, 21). Currently, there are four approved
antiflu drugs targeting NA: oseltamivir (10), zanamivir (22),
peramivir (3), and laninamivir (25), as well as some others
undergoing clinical trials. Due to the appearance of drug-
resistant strains and pandemics, there is always an urgent need
for the development of new drugs. Structure-based rational
drug design is always ideal, and NA-targeting drugs are good
examples in this regard.

There are 9 serotypes of NA, named N1 to N9. Based on
their primary nucleotide sequences, NAs can be divided into
two groups, group 1 (N1, N4, N5, and N8) and group 2 (N2,
N3, N6, N7, and N9) (2). Zanamivir and oseltamivir were
initially designed to mimic the binding of the transition state
analogue Neu5Ac2en to the NA active site based on group 2
NA structures (6, 20, 21). Later, an extra cavity in the active
site, called the 150-cavity and formed by 150-loop amino acids,
was identified in group 1 NAs and proposed as a new drug
target (17). Specifically targeting this cavity, a novel inhibitor,
3-(p-tolyl)allyl-Neu5Ac2en, has recently been confirmed to se-
lectively inhibit group 1 NAs, as well as 2009-pandemic H1N1
neuraminidase (09N1) (16). Although our recent work showed
that 09N1 has no 150-cavity, which is determined and affected
by the 150-loop and 430-loop (12) (Fig. 1), we hypothesize that

the atypical group 1 09N1 may possess a 150-loop for the
binding of group 1-specific inhibitors that is more easily
opened than those of group 2 NAs. This can also explain the
more efficient inhibition of 3-(p-tolyl)allyl-Neu5Ac2en to 09N1
than to group 2 NAs. This raised questions as to whether or not
(i) the 150-cavity is really conserved for all group 1 members
and (ii) a new drug specifically designed targeting the 150-
cavity can work for all group 1 NAs. Although the structures
for 3 out of 4 group 1 NA serotypes have been solved so far
(17, 24), and they all (with the exception of 09N1) have the
150-cavity, with unique sequences in the 150-loop and 430-
loop, the crystal structure of group 1 member N5 remains
elusive; its 150-loop has a special amino acid at position 147
(Asn instead of a conserved Gly) (Fig. 1), which might have
some effect on the 150-cavity formation. Therefore, we set up
experiments to produce soluble N5 in a baculovirus expression
system and obtain enough protein for crystallization.

Highly stable and pure N5 protein was prepared based on
previous methods (24, 26), with modification using a Bac-to-
Bac baculovirus expression system (Invitrogen). cDNA encod-
ing residues 83 to 471 (N2 numbering) of the A/duck/Alberta/
60/1976 (H12N5) virus NA was cloned into pFastBac1
(Invitrogen), with a GP67 signal peptide, a 6�His tag, a te-
tramerizing sequence, and a thrombin cleavage site at the N
terminus. The recombinant baculovirus was prepared based on
the manufacturer’s protocol (Invitrogen).

N5 protein was obtained from infected Sf9 insect cells using
the purification methods of our previous work on 09N1 (12).
Crystallization conditions were screened using the hanging-
drop vapor diffusion method with commercial kits (Hampton
Research). N5 crystals were obtained with 0.1 M HEPES (pH
7.5), 12% (wt/vol) polyethylene glycol 3,350 at 18°C. X-ray
diffraction data were collected at 100° K at beamline NE3A of
the Photon Factory, Tsukuba, Japan. The data were processed
and scaled by using the HKL-2000 software program (14).

The structure of N5 and its complex with zanamivir (through
crystal soaking) were solved by the molecular replacement
method using Phaser (15) from the CCP4 program suite (4),
with the structure of 09N1 (Protein Data Bank [PDB] identi-
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fier, 3NSS) as the search model. Model building and refine-
ment were performed as described previously (12) using
COOT (8), REFMAC5 (13), and the PHENIX package (1).
The stereochemical quality of the final models was assessed
with the program PROCHECK (11). The N5 structures were
refined to crystallographic Rwork/Rfree values of 0.126/0.164 and
0.121/0.157, respectively (Table 1) (R � �hkl��Fobs� � k�Fcalc��/
�hkl�Fobs�, where Rfree is calculated for a randomly chosen 5%
of reflections and Rwork is calculated for the remaining 95% of
reflections used for structure refinement). The overall N5
structure shows a typical “box-shaped” tetramer observed in
other influenza NAs (5). Each monomer (all of which are
identical) contains a propeller-like arrangement of six four-
stranded, antiparallel sheets (Fig. 2A).

Uncomplexed N5 is strikingly similar to other typical group
1 NAs, as it indeed contains a 150-cavity (Fig. 2C). After
zanamivir soaking, the 150-loop adopts a closed conformation,
which is an induced conformational change shared by all other
typical group 1 members, indicating the flexibility of the 150-
loop and its involvement in ligand binding (Fig. 2D). Super-
imposition of the C� atoms of the 150-loop of native N5 and its
complex with zanamivir reveals a root mean square deviation
(RMSD) of 2.04 Å. In the N5-zanamivir complex (Fig. 2D),

Asp151 approaches zanamivir to hydrogen bond with its 4-gua-
nidino group and shifts 2.04 Å (C� atom) toward the inhibitor
binding site, compared with uncomplexed N5. In accordance
with the N8-zanamivir and VN04N1 (neuraminidase from
Vietnam 2004 H5N1)-zanamivir complexes, Tyr347 of N5 is
located on the top of zanamivir’s carboxylate group and hy-
drogen bonds with it. It can be inferred that Tyr347 of N5
might also interact with the oseltamivir carboxylate group,
which may lower the probability of developing oseltamivir re-
sistance for N5 (17, 24). We then found that Tyr347 is highly
conserved in group 1 avian influenza NAs, including three NAs
mentioned above, whereas for human virus NAs, the residue at
position 347 is not Tyr but commonly Glu, Asp, His, or Asn.
Furthermore, based on the recent simulation study on the
substrate binding of H5N1 NA, we speculate that the highly
conserved Tyr347 among group 1 avian virus NAs might play
an important role in recognizing the �-2,3-linked sialic acid
avian type receptor (9). More experiments are clearly needed
to support this hypothesis. Taken together, these results dem-
onstrate that N5 possesses the common characteristics of the
reported typical group 1 NAs.

In addition, regarding the calcium ion binding site, two cal-
cium ions were found in each monomer of the tetramer in most
of the known NA structures (18, 19), except 18N1 and 09N1,
which contain three (24). However, only one calcium ion bind-

TABLE 1. Data collection and refinement statisticsa

Parameter
Value(s) for:

Native N5 N5-zanamivir

Data collection
Space group P4 P4

Cell dimensions
a, b, c (Å) 111.51, 111.51, 66.47 112.11, 112.11, 66.77
�, �, � (°) 90, 90, 90 90, 90, 90
Resolution (Å) 50.00–1.50 (1.55–1.50) 50.00–1.60 (1.66–1.60)
Rmerge 0.083 (0.544) 0.068 (0.345)
�/	I 21.9 (2.2) 20.8 (3.6)
Completeness (%) 99.7 (98.0) 99.9 (100.0)
Redundancy 6.4 (4.5) 4.4 (4.3)

Refinement
Resolution (Å) 37.17–1.50 35.45–1.60
No. of reflections 125,014 105,577
Rwork/Rfree 0.1260/0.1640 0.1205/0.1572

No. of atoms
Protein 6,270 6,243
Ligand/ion 2 48
Water 949 1,138

B factors
Protein 15.2 13.2
Ligand/ion 11.3 9.2
Water 32.6 34.1

RMSDs
Bond length (Å) 0.004 0.005
Bond angle (°) 0.949 1.040

Ramachandran plot
Most favored (%) 85.9 86.4
Additionally favored (%) 13.6 13.2
Generally allowed (%) 0.4 0.4
Disallowed (%) 0 0

a Values in parentheses are for the highest-resolution shell. Rmerge � �hkl
�i�Ii(hkl) � 
I(hkl)��/�hkl �iIi(hkl), where Ii(hkl) is the observed intensity and

I(hkl)� is the average intensity of multiple observations of symmetry-related
reflections; I, the intensity of a reflection; 	I, the standard deviation of intensity;
B factor, a mix of thermal displacement and disorder.

FIG. 1. Comparative sequence alignments of the 150-loop and 430-
loop in NAs from 9 different serotypes using CLC Main Workbench
software. One-third of the N1 sequences and one-half of the N2 to N9
sequences (a total of 9,020 sequences) available in GenBank were
randomly selected for alignment. Comparison of the unique N5
Asn147 with the highly conserved Gly147 from other group 1 serotypes
is clearly shown in the alignment. Typical group 1 NA structures with
a 150-cavity contain Val149, and typical group 2 structures without a
150-cavity contain Ile149. The Tokyo and Memphis N2 structures
contain Val at position149; however, they are still unable to form a
150-cavity due to a salt bridge between Asp147 and His150, which
holds the 150-loop in a closed conformation.
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ing site was observed in N5, which is formed with the aid of
Asp293, Gly297, Asp324, Tyr347, and two water molecules
(Fig. 2B); this difference of N5 from other known structure
NAs might be attributed to our crystallization condition in
which there is no calcium ion. This site has been unambigu-
ously resolved in most of the known structures and was sug-
gested to be important for the enzyme activity and stability of
NA (18). Furthermore, two N-linked glycosylation sites in the
globular head region, Asn93 and Asn146, were identified; how-
ever, N5 lacks N-linked glycans at Asn88 and Asn234, which
contrasts with avian N1, which has three N-linked glycans at
Asn88, Asn146, and Asn234 at the same region (24).

Upon closer comparison of the uncomplexed N5 active site
with those of all other known structure group 1 NAs, it is clear
that the N5 150-cavity is extended relative to those of all other
group 1 structures (Fig. 3A). Superimposition of 150-loops
from all available NAs with an open conformation indicates

that the unusual 150-cavity of N5 is attributed mainly to a more
extended 150-loop (Fig. 3B). Based upon detailed comparison
(Fig. 3C), the 150-loops of VN04N1, N4, N8, and 18N1 (1918
pandemic H1N1 neuraminidase) with Gly147 were found to
adopt a conformation much closer to that of the center of the
active site. For VN04N1, N4, and N8, the side chains of Asn146
and Thr148 are able to hydrogen bond with each other and
thus help to maintain the conformation of their 150-loops.
Furthermore, there is a hydrogen bond between the Asn146-
Gly147 peptide carbonyl and Gly147-Thr148 peptide nitrogen,
which further stabilizes the 150-loop conformation of
VN04N1, N5, and N8.

In the case of N5 (Fig. 3C), Asn147 allows for a unique
hydrogen bond with Thr439. The lifting of the N5 150-loop
away from the active site relative to the other group 1 struc-
tures is necessary for the Asn147 and Thr439 hydrogen bond to
form at a distance of 2.98 Å. In N5, the Asn146-Asn147 pep-

FIG. 2. Overall structure of N5 showing the calcium binding site, N-linked glycosylation site, and an enzymatic active site with and without
zanamivir binding. (A) Overall structure of the N5 homotetramer. The active site is located on top of the molecule and is highlighted in blue.
Calcium ions are shown as red spheres, and N-linked glycans are gold. One monomer is colored using a rainbow gradient to illustrate the canonical
propeller arrangement, with six four-stranded, antiparallel sheets. (B) There is only one calcium ion binding site in each N5 monomer. A single
calcium ion is coordinated by Asp293, Gly297, Asp324, Tyr347, and two water molecules, which are shown as blue spheres. (C) Native,
uncomplexed N5 structure, with the open conformation of the 150-loop revealing the existence of a 150-cavity. (D) Zanamivir-complexed N5
structure, in which the 150-loop moves proximal to the zanamivir binding site and induces the closure of the 150-cavity. The binding also changes
the orientation of the Asp151 side chain, which moves 2.04 Å (C�) closer to the zanamivir 4-guanidino group. Binding of zanamivir to N5 is highly
similar to that of the previously reported group 1 NA structures.
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tide bond is in a rotated conformation relative to that of N4,
N8, and VN04N1. This orientation leads to an altered hydro-
gen bond network in N5. Notably, the Asn146-Asn147 peptide
nitrogen of N5 is able to form an extra hydrogen bond with the
Ile437-Trp438 peptide carbonyl in addition to the hydrogen
bond between the Asn146-Asn147 peptide carbonyl and the
Asn147-Thr148 peptide nitrogen. Moreover, the distance be-
tween the Asn146 and Thr148 side chains is greater in the
extended N5 150-loop than in VN04N1, N4, N8, and 18N1.
These interactions, taken together, may explain why the N5
150-loop adopts a more extended conformation.

In conclusion, we have successfully solved the crystal struc-
ture of the last group 1 serotype, N5, and discovered some
unique characteristics especially regarding a special, extended
150-cavity, due to the polymorphic amino acid Asn147. The
common characteristic, especially the open 150-loop like those
of other typical group 1 NAs, indicates that any new drugs
targeting the group 1-specific 150-cavity should work for N5.
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