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The 2009 pandemic H1N1 
neuraminidase N1 lacks the  
150-cavity in its active site
Qing Li1,2,8, Jianxun Qi1,8, Wei Zhang1,3, Christopher J Vavricka1, 
Yi Shi1,3, Jinhua Wei1,3, Enguang Feng4, Jingshan Shen4,  
Jilong Chen1, Di Liu1,5, Jianhua He6, Jinghua Yan1, Hong Liu4, 
Hualiang Jiang4, Maikun Teng2, Xuebing Li1 & George F Gao1–3,7

Influenza	A	virus	neuraminidase	can	be	classified	into	groups	1	
and	2	on	the	basis	of	its	primary	structure.	The	main	structural	
feature	of	group	1	neuraminidase	is	an	extra	cavity	in	the	active	
site,	the	150-cavity.	Here	we	present	the	crystal	structure	of	
neuraminidase	from	the	2009	pandemic	H1N1	influenza	strain.	
In	contrast	to	other	characterized	N1	neuraminidases,	which	
are	all	members	of	group	1,	2009	H1N1	neuraminidase	does	
not	have	a	150-cavity.

There have been three severe influenza pandemics: the 1918 Spanish 
flu, the 1957 Asian flu and the 1968 Hong Kong flu1,2. The 2009 H1N1 
influenza pandemic has caused panic and controversy3,4. Recent work 
by our laboratory and others shows that the hemagglutinin of the 
2009 swine-origin influenza A virus (S-OIV) H1N1 is very similar 
to the hemagglutinin of the 1918 Spanish influenza virus with regard 
to antigenicity, lack of N-glycosylation sites in the receptor-binding 
proximal region and overall structure5–8. Here we set out to charac-
terize the second surface envelope protein, neuraminidase, from this 
2009 pandemic influenza strain.

Neuraminidase is a sialidase that facilitates release of progeny  
virions from infected cells and prevents their self-aggregation. This 
process is mediated by the catalytic site located in the neuraminidase 
head region, which cleaves terminal sialic acid from glycosylated 
receptors9. There are nine serotypes of neuraminidase, named N1–N9, 
which are classified into two phylogenetic groups based on sequence 
analysis (Fig. 1): N1, N4, N5 and N8 are in group 1, whereas N2, 
N3, N6, N7 and N9 are in group 2 (ref. 10). The crystal structures of 
the globular-head regions of N1, N2, N4, N6, N8 and N9 and influ-
enza B virus neuraminidases have been solved, in all cases showing 
a homotetramer with an active site that is highly conserved among 
all serotypes of influenza A and influenza B viruses10. On the basis 
of these structures, drugs such as zanamivir and oseltamivir have 
been developed and marketed for both therapeutic and prophylactic 

purposes, in a successful example of structure-based drug design11.  
A comparative analysis of the available neuraminidase crystal structures  
recently concluded that an extra cavity in the active site, named the 
150-cavity, is characteristic of group 1 neuraminidases10,12. All known 
influenza neuraminidases contain a 150-loop that includes residues 
147–152 (N2 numbering) and may be in one of two conformations: 
an open conformation, which leads to formation of the 150-cavity,  
or a closed conformation, which leads to an active site lacking a  
150-cavity. Until now, all group 1 neuraminidases have been reported 
as having an open conformation and all group 2 neuraminidases 
have been reported as having a closed conformation10,12,13. The 
150-cavity has been proposed as a new target for drug design against  
group 1 neuraminidases14.

Earlier phylogenetic analysis has shown that the neuraminidase 
from the 2009 H1N1 influenza virus, 09N1, is closely related to the 
neuraminidases of Eurasian swine isolates3. In our analysis, 09N1 
seems to be a typical member of group 1 neuraminidases (Fig. 1a), 
clustering together with the neuraminidase from the 1918 pandemic 
virus (18N1) and the neuraminidase from the 2004 Vietnam H5N1 
virus (VN04N1) (Fig. 1b). We expressed the soluble 09N1 globular-
head domain of 09N1 (without the transmembrane and stalk regions) 
in a baculovirus expression system as described12 with minor modi-
fication (Supplementary Methods). We solved its crystal structure 
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Figure 1 Phylogenetics analysis of neuraminidase genes. (a) We 
applied a neighbor-joining method on representative N1–N9 sequences 
(Supplementary Methods). Groups 1 and 2 are shaded blue and green, 
respectively. (b) Human, swine (Sw) and avian origin N1 genes are 
blue, purple and green, respectively. Black asterisks, structures solved 
for designated subtype or strain; purple asterisks, structure solved in 
this study. This shows that 09N1 is a member of group 1 by phylogeny, 
grouping together with 18N1 and VN04N1.
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to a resolution of 1.9 Å (with Rwork and Rfree values of 0.169 and 
0.196, respectively) by molecular replacement using the 18N1 struc-
ture (PDB 3BEQ) as a search model (Supplementary Table 1 and 
Supplementary Methods). As we expected, the overall structure 
shows a typical ‘box-shaped’ tetramer with four identical monomers, 
which are also observed in structures of neuraminidase from both 
influenza A and influenza B viruses (Supplementary Fig. 1)15.

We scrutinized the 09N1 structure and were surprised to find that 
the group 1–specific 150-cavity is absent (Fig. 2). Superposition of 
the 09N1 Cα atoms of the 150-loop (residues 147–152) with 18N1, 
N2 (PDB 1NN2) and N9 (PDB 7NN9) reveals r.m.s. deviations of 
2.184, 0.261 and 0.145, respectively. The 09N1 150-loop closely 
resembles the previously reported group 2 neuraminidase struc-
tures16. We compared the sequences of all available neuraminidase 

 structures and found that 09N1 shares an Ile149 with group 2 
 members, whereas N1 members typically have a Val149 (Fig. 3).

Unlike 18N1 and VN04N1, 09N1 has the Ile149 side chain of the 
150-loop oriented toward Pro431, with a distance of 1.87 Å between 
the closest hydrogen atoms of the terminal Ile149 carbon and the Cγ 
of Pro431 (Fig. 3). Although the van der Waals interaction between 
these residues is relatively weak, Ile149, which contains one more 
carbon than does the Val149 present in all the other available N1 
structures, can be positioned much closer to Pro431. In all other 
group 1 structures, the 150-loop is open and Val149 is not in con-
tact with any neighboring side chains (Fig. 3c), leaving it exposed. 
Although the 150-loop may occupy other conformations in solu-
tion, Ile149 can more easily exclude unfavorable interactions with 
water molecules and contributes to the formation of the 150 cavity– 
deficient active site in the 09N1 crystal structure. Furthermore, 
Arg430 in 09N1 is bent away from hydrophobic Ile149. Arg430 
forms an electrostatic interaction with the main chain carbonyl of 
Glu434 from across the turn of the 430-loop (residues 429–433) in 
09N1. Therefore, the 430-loop coordinates the specific 150-loop 
conformation (Fig. 3).

Additional electrostatic interactions seem important within the 
09N1 150-loop, particularly the interaction between Arg156 and 
Glu119, which is also present in other 150 cavity–deficient group 2 
structures10,16. Asp199 also participates in a salt bridge with Arg152 
of the 150-loop of 09N1 (this is not present in other N1 structures, 
however, in N9 Arg152 forms a hydrogen bond with Asn199).

Through further structural and phylogenetic analyses, we found 
that Val149 is not specific to group 1 neuraminidases. Some N2s also 
have Val149, although a typical ‘group 2’ N2 (Rhode Island isolate) has 
an Ile149 (Fig. 3e). From the available N2 structures, we conclude that 
Tokyo and Memphis N2 isolates still cannot form the 150-cavity, even 
though they have Val149 (Fig. 3d). This is because Asp147 is in the 
150-loop of N2 structures, whereas all the other neuraminidases with 
known structures contain Gly147 (Fig. 3e). Asp147 of N2 (Tokyo and 
Memphis) forms a salt bridge with His150, which pushes Val149 out 
toward the carbon chain of Lys431 and holds the 150-loop in its closed 
conformation (Fig. 3d). Therefore, we propose that the chemistry of 
Val149 or Ile149 and the amino acid environment around it, especially 
the 430-loop, determines the structure of the 150-cavity.

Figure 2 Comparison of the active cavity in all neuraminidase subtypes 
for which structures have been solved. Structures of 09N1 (PDB 
3NSS), 18N1 (PDB 3BEQ), VN04N1 (PDB 2HTY), influenza B (flu B) 
neuraminidase (B/Beijing/1/87; PDB 1NSB), N4 (PDB 2HTV), N8 (PDB 
2HT5), N2 (PDB 1NN2), N6 (PDB 1V0Z) and N9 (PDB 7NN9) are  
in surface representation. This shows that 09N1, along with members of 
group 2 neuraminidases (N2, N6 and N9) have no 150-cavity but 18N1, 
VN04N1 and other members of group 1 (N4 and N8) have the cavity.

Pro431
Pro431

Pro431

Lys431

Val149

Val149

Asp147 His1502.47

2.33

IIe149

IIe149

147–152

09N1

18N1

VN04N1

N4

N8

N2Tokyo

N2Memphis

N2RI

N9whale

N9tern

B/Lee/40

B/Beijing/1/87

4.3 bits

0 bits

N6

429–433

IIe149

a b

c d

eFigure 3 Comparison of 150- and 430-loop 
orientations from typical group 1 and group  
2 neuraminidase structures. (a) Overview of 
09N1 structure (monomer) with emphasis on 
150- and 430-loops (yellow). (b) σA-weighted 
2Fo – Fc electron density map for 150- and  
430-loops contoured at 1σ. (c) Close-up 
of 09N1 150- and 430-loops (yellow) in 
comparison with these loops in 18N1(orange), 
VN04N1 (green) and N9 (magenta), showing 
opposite orientations for 150-loop of group  
1 and group 2 neuraminidases. (d) Close-up of 
09N1 150- and 430-loops (yellow) in comparison 
with Tokyo N2 (blue), which has a salt bridge 
between Asp147 and His150 (orange dotted 
lines; distances in Å) that keeps the N2 with a 
Val149 in a structure lacking the 150-cavity. 
(e) Sequence alignment and logo of 150- or 
430-loops of all neuraminidases with known 
structures, showing conserved amino acids that 
we propose determine the structure of the  
150-loop. Identical residues, dots. For the strain 
name, see Supplementary Methods.
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The absence of the 150-cavity in 09N1 could be caused by in vitro 
 neuraminidase purification and crystallization procedures. However, 
the preparation methods of 09N1 and even the crystallization con-
ditions are almost identical to those of 18N1 (ref. 12). We note that 
09N1 (without the 150-cavity) and 18N1 (with the 150-cavity) share 
almost 100% sequence identity in their 150-loops, including residues 
flanking the loop from Leu127 to Pro162, with the exception of Ile149 
or Val149. Therefore, the absence of the 150-cavity in 09N1 is most 
likely not due to in vitro preparation artifacts and probably repre-
sents a genuine feature of this neuraminidase, but future mutational 
analysis and/or more neuraminidase structures are needed to provide 
definitive confirmation.

The classification of neuraminidases into group 1 and group 2 with 
differences in the sialic acid–binding cavities led to the proposal that 
another generation of influenza inhibitors could be designed to use 
the additional 150-cavity14. However, our work on the structure of 
09N1, showing that it does not present a 150-cavity, implies that 
neuraminidase inhibitors targeted to the 150-cavity will probably be 
less effective against H1N1 variants containing Ile149, as argued in a 
recent review15. This should be considered for future drug design.

Our results, together with recent work related to hemagglutinin 
structure5,6,17,18, show that the structures of both hemagglutinin and 
neuraminidase in the 2009 pandemic virus are distinct from their struc-
tures in the seasonal flu. Combinations of hemagglutinin and neura-
minidase pairing may be related to distinct pathogenicity19. Because 
both hemagglutinin and neuraminidase of the 2009 pandemic virus 
have unusual characteristics5–8, future work should investigate whether 
this combination makes the 2009 pandemic virus unlike others.

Accession codes. Protein Data Bank: Coordinates and structure  
factors for 2009 H1N1 neuraminidase (09N1) have been deposited 
with accession code 3NSS.

Note: Supplementary information is available on the Nature Structural & Molecular 
Biology website.
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