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Two glycoproteins, hemagglutinin (HA) and neuraminidase (NA), on the surface of influenza viruses play crucial roles in
transfaunation, membrane fusion and the release of progeny virions. To explore the distribution of N-glycosylation sites
(glycosites) in these two glycoproteins, we collected and aligned the amino acid sequences of all the HA and NA subtypes.
Two glycosites were located at HAO cleavage sites and fusion peptides and were strikingly conserved in all HA subtypes,
while the remaining glycosites were unique to their subtypes. Two to four conserved glycosites were found in the stalk
domain of NA, but these are affected by the deletion of specific stalk domain sequences. Another highly conserved glycosite
appeared at the top center of tetrameric global domain, while the others glycosites were distributed around the global
domain. Here we present a detailed investigation of the distribution and the evolutionary pattern of the glycosites in the
envelope glycoproteins of IVs, and further focus on the H5N1 virus and conclude that the glycosites in HSN1 have become
more complicated in HA and less influential in NA in the last five years.
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Introduction

Influenza A viruses (IVs), which belong to the orthomyxoviridae
family, consist of eight negative RNA strands. Hemagglutinin (HA)
and neuraminidase (NA) are two glycoproteins that are encoded
by the IV genome, expressed from segments 4 and 6, respectively.
The selection due to various host immune systems and anti-flu
drugs accelerate the mutation rates of viral proteins, especially for
these two membrane proteins [1,2]. There are 17 HA subtypes
and 10 NA subtypes, designated HI-H17 and NI-N10, re-
spectively. Over 118 combinations of IVs can be isolated from wild
birds, which are also the natural reservoir of these viruses (except
the H17N10 virus, which, until recently, was isolated only from
bat) [3-5]. The species jumping ability of IVs can result in the
infections of poultry and mammals, such as chicken, swine, equine
or whale species, with different virulence levels [6-9]. The HINI,
H2N2 and H3N2 viruses have been responsible for tens of millions
deaths during the deadly history of human influenza epidemics.
Furthermore, the H5N1, H7N7, H7N2, H7N8 and HIN2 viruses
have been isolated from sporadic human infections and deaths
[10-13]. It is worth noting that the H5N1 virus is the most severe
for human and avian species, with sudden onset and high
mortality. The mortality rate in hundreds of patients who were
hospitalized for H5N1 infections was roughly 59.05%, much
higher than the mortality rates of the Spanish Flu or the 2009
influenza pandemic (HIN1) [11,14,15].
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As a requirement for infection, the homotrimeric HAs play a key
role in binding to the host sialic acid (SA) receptors and membrane
fusion. The nascent HA of all subtypes consists of conserved
structures, including the signal peptide, the cytoplasm domain, the
transmembrane domain and the extracellular domain [16]. The
mature HA monomer can be cleaved by proteases into the global
HAT and stalk HA2 subunits [17]. When IVs are located in the
host digestive tract or respiratory tract cell, the receptor binding
domains (RBDs) at the tip of HAI bind to the SA«a2-3Gal or
SAa2-6Gal receptors, which are essential for endocytosis [18,19].
HA unfold and expose the interior HA2 subunits in the acid
environment, then the fusion peptides in HA2 insert themselves
into the host membrane (viral membrane fusion) [20,21].

Homotetrameric NA is a type II membrane protein, whereas
HA is a type I membrane protein. The nascent NA consists of four
parts: the cytoplasm tail (in amino-terminus), the transmembrane
domain, the stalk domain and the global domain [22]. Different
subtypes of NA are composed of 450~480 amino acids, displaying
low sequence similarity. Although there is variable homology
among the various NA subtype sequences, especially in the N1 and
N2 subtypes with the deletion of 4~30 amino acids in the stalk
domain [23], NA subtypes display stable topologies: a six-bladed
B-propeller fold makes an enzymatic activity domain that
functions in the release of progeny virions [24,25].

HA and NA have a distribution ratio of 4:1 on the influenza
viral envelop and maintain the basic functions of host recognition,
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Figure 1. The N-J trees of two glycoproteins in IVs with the corresponding distribution chart of glycosites. The phylogenetic trees of
HAs and NAs were constructed using three to ten representative amino acid sequences in each subtype (File S1). The distribution charts of glycosites,
colored according to the statistics of conservation in each HA or NA subtype (File S2), are shown in various strips. The red, green and blue color
represent the levels of conservation of “>95%", “5%~95%" and “<<5%", respectively. The conserved cysteines are shown in yellow strips. (A) The N-J
tree of HA subtypes with the corresponding distribution chart of glycosites. (B) The N-J tree of NA subtypes with the corresponding distribution chart

of glycosites.
doi:10.1371/journal.pone.0049224.9001

infection and viral diffusion [26]. Various studies have reported
that some of the factors that influence HA include the number of
the basic residues in the HAO cleavage site, the mutation of key
residues in the RBD, the changing of antigenic sites or N-
glycosylation sites (glycosites) and the variation of the topology of
N-glycan structures [15,27]. Meanwhile, the factors that influence
NA include deletion of the stalk domain, the mutations drug-
resistance, as well as the changing of antigen sites or glycosites and
the variation of the topology of N-glycan structures [28]. As a kind
of glycan-binding protein (GBP), HA works with NA, which
functions as an exoglycosidase, cooperatively. Only by achieving
a dynamic equilibrium between attaching to the host and releasing
progeny virions can the IVs gain a long-term mechanism for
infection and diffusion.

The existence of N-glycosylation is mnecessary for viral
membrane glycoproteins. The biosynthesis and modification of
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nascent secretory or membrane proteins occurs in the endoplasmic
reticulum and Golgi, N-linked glycans encode crucial information
for the folding, maturation, transport or degradation of proteins
[29]. To escape both the host’s humoral and cellular immune
systems, the potential glycosites in viral envelope proteins can
provide the identical glycans as those of the host’s cells to mask the
antigenic sites [28,30]. Additionally, glycosylation also impacts the
sensitivity of HA to temperature, the protection of cleavage sites
and the stalk domain, and even the receptor-binding preferences
[31-33]. As the ideal model for the influence of N-glycosylation in
pathogen-host interaction, the present studies show that the
envelope glycoproteins of IVs appear to only have N-glycosylation,
with no O-glycosylation and GPI-anchors [34]; hence, the
glycosites discussed in this paper only pertain to N-glycosylation
site.
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Figure 2. The alignment of glycosylated regions in H1 HA and N2 NA sequences. (A) Most adjacent glycosites in one region were
determined by antigenic drift, compared to a fraction of nearby glycosites that were caused by antigen shift. Although the 144NVT/142NHT
glycosites are common in seasonal HIN1 viruses, they have different origins. The 177NLS/179NKS glycosites were another common feature in the
H1N1 virus. Obviously, the seasonal IVs with long-term circulation had more glycosites than the avian flu or pandemic flu. (B) The pattern of stalk
domain deletion in N2 NA is distinctive in different combinations of IVs. The representative NA sequences in each available N2 subtypes are aligned in
the stalk domain. As can be observed, the number of deletions varies from 4 to 24 residues, causing the loss of one or two potential glycosites.
Among these, a new glycosite emerged in the restructured NA of the avian H2N2 virus.

doi:10.1371/journal.pone.0049224.9002

Current studies have analyzed the evolutionary dynamics of N-
glycosylation sites of select subtypes or HA/NA as a whole [35—
37]. Although most influenza evolution can be accounted for by
genetic drift, there is also evidence of adaptive evolution of
mutations which are under positive selection [38,39]. We have
extended previous studies of basic similarity alignment scoring of
similarity to analyze the position-specific glycosites that are under
selective pressure in IVs [40]. Here we present a detailed
mvestigation of the distribution and the evolutionary pattern of
the glycosites in the envelope glycoproteins of IVs, especially in the
H5NT1 virus.

Materials and Methods

Protein sequence data from all subtypes of HA and NA

The amino acid sequences of HA and NA were obtained from
the NCBI (National Center for Biotechnology Information)
Influenza  Resource  (http://www.ncbinlm.nih.gov/genomes/
FLU, accessed 15th March 2012) [5]. To fully understand the
distributed regularity of the glycosites in each subtype, we
downloaded the 29 sets of HA and NA with the customized
definition “>{serotype} {strain} {segname}” using the following
combinations: HINx~H17Nx and HyN1~HyN10 (where x and
y represent “‘any” by default), in addition to the HA and NA from
the H5NT virus.

All the sequence alignments of the various HAs and NAs were
performed using Clustal 2.0. Repetitive, incomplete and mixed
sequences were removed. For the purpose of convenience, one
representative sequence with the generally longest length from
each subtype was chosen for further description (Table S1 and S2).

To assess the relationship between the distributed regularity of
the glycosites in the envelope glycoproteins and the evolutionary
position of various HAs and NAs, firstly, the preliminary trees for
each HA and NA subtype were constructed using all available
sequences; secondly ten representative sequences from discrepant
clades, with consideration of host source and areas, were picked up
(excluding H14, H17 and N10 due to limited records). Finally, the
phylogenetic trees of HA and NA were constructed by these
hundreds of sequences (File S1). The phylogenetic trees of the HA
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and NA were constructed by MEGAS5.05 with N-J methods and
a p-distance model with a bootstrap value of 1000 [41,42].

Prediction and statistical analysis of potential glycosites
As is known, N-X-T/S (X cannot be a proline) is the glycosite
motif. Although some researchers have concluded that not all the
potential glycosites would be glycosylated in mature glycoproteins,
Kelley WM ¢t al. argued that the 14-sugar glycans would be
transferred to all the glycosites in nascent proteins and be
truncated and modified in the subsequent process [42].

Due to the fixed pattern of glycosite, many programs and
software provide the prediction of glycosites [43], such as the
“NetNGlyc 1.0 Server” (www.cbs.dtu.dk/services/NetNGlyc). By
submitting the alignment files to a prediction server, we obtained
a series scores for the potential glycosites. In consideration of
experimental error, those occasional glycosites, which may result
from the genomic sequencing or translated by different genetic
codes, were excluded. For example, the 429NLS in the HA of A/
duck/Hunan/3315/2006(H5N1) only appears in H5 set once, and
it is also embedded inside of HA trimer [44]. Statistics of the
position, pattern and the levels of conservation in various subtypes
were used for further discussion (Table S1, File S2).

The comparison of 3D structures of HA and NA

The available structures of HA and NA would help us to
explore the distinctive function of various glycosites. Therefore, we
collected the structures of various HA or NA subtypes from the
PDB (Protein Data Bank, http://www.rcsb.org/pdb/home/
home.do). To obtain the whole multimer, these monomer
structures were processed with a VMD 1.9 transformation matrix
using a Tcl script [45]. The code for each representative structure
of the various subtypes of HA and NA and the corresponding
source of IVs are shown in Table S2.

Most coordinate files of envelope glycoproteins are obtained
from X-ray crystallography or NMR. Furthermore, complete
larger glycans are too exible to yield sufficient electron density
[46]. Isolation and purification of membrane glycoproteins by
particular enzyme treatments lead to the lack of partial domains
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Figure 3. The distribution regularity of glycosites in different HSN1 clades. The statistical analysis in HA and NA indicated that the
glycosites in H5N1 have become more complicated in HA and less influential in NA in the last five years. All the sequences of HA and NA were
contained in File S3 and S4. As is shown, the records in 1957~1996, 1998~1999 and 2012 were so limited that should be combined or exclueded. (A)
The recording numbers of HA and NA in recent years. The ealiest H5N1 virus record first appeared in 1957 and increased rapidly after 2004. (B) The
percentage of various clades or subclades from 1957 to 2011. The early H5N1 viruses belonged to clade 0 and diversified after 2002. The most
common clade 2.2 and 2.3 became dominant after 2008. (C) The cumulative percent of unconserved glycosites in HA. The evolution of six
unconserved glycosites showed the diversity of N-glycosylation has become common after 2007. (D) The cumulative percent of unconserved
glycosites in NA. The evolution of four conserved glycosites in the stalk domain and five unconserved glycosites showed the frequence and diversity

have falled rapidly after 2007.
doi:10.1371/journal.pone.0049224.9003

[47]. In summary, complete structures are unavailable. Most
recorded structures of HAs are lacking the HAO cleavage site and
partial HA2; while those of the NAs are lacking the stem domain.

Co-evolution of glycosites in the H5N1 virus

The H5N1 virus can be divided into 10 clades, according to the
evolutionary position of the HAs defined by the WHO (World
Health Organization) in 2008. These clades are numbered 0 to 9
[48,49]. Clades 0~2 are responsible for all the human infections,
resulting in 359 deaths since 2003 [11]. Many clades have not
been reported for the last four years, while the dominant H5N1
viruses are concentrated in clade 0~2. Clade 2.1, clade 2.2 and
clade 2.3 have further evolved into third- or fourth-order clades,
and these newly formed viruses have become geographic strains.

For the purpose of investigating the co-evolution relationship
between the glycosite patterns of HA and NA, we reconstructed
a phylogeny tree of HAs and determined ten clades. When discrete
monophyletic groups with a common node meet a bootstrap value
of =60 at the clade-defining node and average percentage
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pairwise nucleotide distances between and within clades of
>1.5% and <1.5%, respectively, they could split into the
second-, third-, or even fourth-order clades [50]. The statistics of
the glycosites of each HA, as well as the corresponding NA, were
recorded according to their clades (Files S3, S4 and Figure S1).

Results

Newly emerging Glycosites of HA appeared in distinctive
subclades

As shown in Figure 1A, the current 17 HA subtypes were
concentrated in two evolutionary groups. One large group,
represented by H1 and H5, contained H2, H6, H8, H9, H11,
H12, H13 and H16; Another large group was represented by H3,
and contained H4, H7, H10, H14 and H15. Although each
subtype of HA had a lower similarity to each other and the
distribution of the glycosites differed in sequential numbering, we
found that the sequence alignment of all HA subtypes indicated
that partial glycosites appeared in similar domains. Furthermore,
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Figure 4. The co-evolution of glycosites between HA and NA in H5N1 virus. A schematic of diverse glycosites in HA and NA is shown in the
top left corner. The green and red crossbands represent HA and NA, respectively, and the lightly colored area in NA is the stem domain. The
negligible and highly conserved glycosites are shown in the red strip, while the remainder are labeled in cyan text. All the first-, second-, third- and
fourth-order clades are shown with blue, green, orange and crimson arrows, respectively.

doi:10.1371/journal.pone.0049224.g004

the structure alignment of available HAs also showed that various
HA subtypes had a highly conserved structure, and the
distribution of glycosites was also regular (Figure S2).

By analyzing the position of glycosites and their conservative
rates, we conclude that two types of glycosites appear in HAs: one
with a high level of conservation in all HA subtypes and another
with various conservative rates in different HA subtypes. Two
highly conserved glycosites are located near the HAO cleavage site
(e.g., the 27NNST in HI or the 30NGT in HS8) and the fusion
peptide of the HA2 (e.g., the 498NGT in HI1 or 500NGS in H5)
respectively in all subtypes, and these two glycosites play necessary
role in viral life cycle for protecting the HAO cleavage sites and
fusion peptide [34,51]. In addition, another highly conserved
glycosite appears at C-terminal part of the HA1 sequence, which is
near the connection of the global and stalk domains, except in H7
and H15 sequences [52]. Three to ten characteristic glycosites
were distinctive in each subtype. Their conservative rates were
influenced by different internal evolution branches, ranked from
0.5% (e.g., 292NGS with 2.85% in H3) to 100% (e.g., 38NGT
with 99.94% in H3), distributed mainly in the global domain. It is
worth mentioning that some highly conserved glycosites were near
to cysteines (Figure 1). Kozlov et al. hypothesized that ERp53,
which is involved in the formation of disulfide bonds during the
folding of nascent proteins, would form a complex with
calreticulin/calnexin, which depends on precursor N-glycans [53].

One most obvious characteristics of glycosites was that the
increasing samples or cross-species reports would lead to more
glycosites. There are many factors contributing to the existence of
numerous glycosites in H1, H3 and H5 subtypes. Because the
RNA virus is rapidly mutating, long-term cross-species infections
have resulted in the accumulation of adaptive mutations and
glycosites. Due to the selection pressure of different host immune
systems, a disadvantageous mutation would be eliminated while
a virus with the gains and losses of glycosites would be conserved.
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For example, the HAs from avian HINI or H3N2 virus had less
glycosites than those of the seasonal human HIN1 or H3N2 virus
(e.g., 286NAS in A/Memphis/28/1983 (HIN1). Figure 2A and
File 5S).

The H3 set had the most glycosites (16, as shown in File S6)
among all HA subtypes, which were mainly contributed by H3N2
and H3NS8 virus. The earliest H3 record had only one moderate
conservative glycosite (79INCT, e.g. A/equine/Miami/1/1963
(H3N8)) except for six highly conserved glycosites, which is also
conserved in most seasonal human H3N2 virus and mammalian
H3N8 virus (e.g. A/Denmark/22/2011 (H3N2) or A/equine/
Yokohama/aq79/2011 (H3NS8)), but not in subsequent avian
H3N1~ H3NO virus (e.g. A/duck/Zhejiang/5/2011 (H3N3) or
A/duck/Saitama/2/2009 (H3N8). File S5). Over the last four
decades, seasonal human H3N2 viruses have gradually acquired
additional glycosites within the globular HAl [37,40]. The
occurrence of 294NSS has increased the glycosite numbers to 13
in parts of current HA of H3N2 virus from 2010 (A/Singapore/
GP5/2011(H3N2). File S6).

Not all the glycosites shared the same numbering in one
subtype. For this reason, we chose a representative sequence for
each subtype (Table S1). Most glycosites were influenced by the
deletion or insertion of the mutants in the upstream sequence,
which is also known as “antigenic drift” [54]. In the HAs of the
HINI or H5N1 viruses, some nearby glycosites were determined
by “antigenic shift” [55]. In the HI subtypes, the 144NVT
glycosite from the seasonal HIN1 flu, which were isolated from
1940s to 1980s (e.g., A/Memphis/1/1984 (HIN1)), was replaced
by the 142NHT glycosite after the 1990s (e.g., A/California/04/
2007 (HINI)). Additionally, no such glycosylation appeared in
those HIN1 viruses isolated from swine HINTI flu (e.g., A/swine/
Guangdong/1604/2010 (HINT1)), Spanish flu (e.g., A/South
Carolina/1/1918 (HINI)) and the 2009 influenza pandemic
(HIN1) (e.g., A/Mexico city/CIA1/2009 (HIN1)). It has been
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Figure 5. The full NAs and HAs structure and the distribution of glycosites. Those most conserved glycosites (>95%) are shown in red
spheres, while the remainder are shown in cyan spheres. (A) The bottom view of the global domain of the NA monomer. (B) The side view of a NA
monomer, the deletion of the stem domain would decrease four Glycosites. (C) The top view of the NA tetramer. (D) The side view of the global
domain in the HA monomer. (E) The side view of the stem domain in the HA monomer, the 559NGS glycosite in the fusion peptide domain cannot be

seen due to limited data. (F) The side view of the HA trimer.
doi:10.1371/journal.pone.0049224.g005

partially shown that vaccination of mice with the 1918 influenza
strain protected against subsequent lethal infection by the 2009
virus; however, the 1918 strain did not protect against the seasonal
HINT flu [56]. It is interesting to note that the migration of the
179NKS to 177NLS tracks with these effects. Almost all of the
179NKS glycosites identified were centralized in swine-origin
influenza viruses (S-OIVs, e.g., A/Swine/Guandong/1604/2010
(HIN1)) and parts of the 2009 influeza pandemic HIN1 virus (e.g.,
A/Mexico City/014/2009 (HIN1)), while the 177NLS glycosite
was mainly found in the swine or human HIN2 viruses (e.g., A/
New York/481/2003 (HIN2)) and most seasonal flu viruses (e.g.,
A/California/04/2007 (HIN1)). These date further confirm that

PLOS ONE | www.plosone.org

the HA of the 2009 influenza pandemic (H1N1) originated from S-
OIV, not previous seasonal virus [57]. Similar positional
conversion of the glycosites in HSN1 caused by “antigenic drift”
was the “179NYT/18INNT”. The conserved 181NN glycosites
have been replaced by the 179NYT in parts of clade 7 viruses
since 2005. It reminds us that although these glycosites were
adjacent, their N-glycans would shield different antigenic sites,
which would provide some suggestions for the development of
influenza vaccine.

Moreover, in the smaller cluster of H7, H10 and H15, one
highly conserved glycosite appeared in the long a-helix of HA2
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QGNSSFFRNVVWLI KKDNAYPTI KKNYNNT NQE
QGKSSFFRNVVWLI KKNSTYPTI KRSYNNTNQE

160 170 180

B
A/chicken/Scotland/1959 (0) WVSHSI QTGNQNQPEI CNQSI I TYENNTWVNQTYVNI SNTNFVTW
A/Goose/Guangdong/1/96 (0) WVSHSI QTGNQHQAEPCNQSI I TYENNTWVNQTYVNI SNTNFLTW
Alturkey/Ontario/84/1983 (0) WVSHSI QTGSQNHPETCNQS - - - = = = = = = = = & = o o = 0 o o - - VAW
A/Hong Kong/156/97 (0) WVSHII QTWHPNQPEPCNQSI I - - - == - === ---- NFYTW
AlTeal/Hong Kong/W312/97 (HEN1) WVSHI I QTGHPNQPGPCNQSI - - - - = = = = = = = = = = = = - - - NFYTW
A/Viet Nam/1203/2004 (1) WVSHSI HTGNQHQSEP- - - - - - - - - - - - - - - - - - I SNTNFLTW
Al/bar-headed goose/Qinghai/3/2005 (2.2) | W VS HS | QT GN QR QAEP - - - = ¢ = = 2 & ¢ 2 = 2 = m === Il SNTKFLTW
A/Cambodia/V0606321/2011 (1.1) WVNHSI HTGNQHQAEP- - - - - - - - - - - - - - - - - - - - | RNTNFPTW

35 45 55 65 75

Figure 6. The alignment of two glycosylated regions in H5N1 HA and NA sequences. (A) The viruses with glycosylated and non-
glycosylated 170N and 181N, which are the key glycosites in H5N1 HA, co-existed even before 1997. The nearby glycosites caused by “antigenic drift”
were the “179NYT/181NNT". The conserved 181NNT glycosite have been replaced by the 179NYT in parts of clade 7 viruses since 2005 (36 records in
H5 set). Most viruses in clade 2.2 and clade 2.3.2 displayed the deficiency of 158N glycosite, while clade 1.1 and clade 2.3.4 exhibited the conservation
of the 158N glycosite. (B) The deletion of the stalk domain in NA was considered as the characteristic of HPAI. Actually, the viruses with the missing
and complete stalk domain co-existed even before 1997. The patterns of stalk domain deletion have two stages, with difference in 50NQS.

doi:10.1371/journal.pone.0049224.g006

(e.g., 43INWT in A/turkey/Chile/4418/02 (H7N3)). This un-
common glycosite requires further investigation (File SI).

The glycosylation of NA is affected by the deletion of the
stalk domain

It can be observed from Figure 1B that N10 is highly divergent
from other subtypes [4]. The remainder of the current 9 NA
subtypes are concentrated into two evolutionary groups: one group
was represented by N2 and contains N3, N6, N7, and N9; and
another group contains N1, N4, N5, and N8.

The glycosites of NA can be divided into two types according to
the distributed region: two to four highly conserved glycosites are
located in the stalk domain in each subtype; two conserved
glycosites and most middle-low conserved glycosites are mainly
located in the global domain, which are near the tip of NA, the
connection of the global and stalk domains, or the antigenic sites.
The glycosite of 146N is conservative in all NA subtypes (e.g.,

Table 1. The conservative rate of glycosites in the HA of
H5N1.

Conservative Conservative
Glycosite rate Glycosite rate
26NNST 99.97% 39NVT 99.83%
70NCS 0.22% 88NVS 4.66%
156NSS 6.92% 170NST 46.58%
18TNVT 95.29% 252NDT 3.99%
289NSS 2.10% 302NSS 99.41%
500NGS 99.47% 559NGS 99.53%
doi:10.1371/journal.pone.0049224.t001
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146NDT in A/Boston/20/2008(H3N2), 144NGT in A/duck/
Taiwan/4201/99(H7N7) or 146NGT in /Viet Nam/1203/
2004(H5N1)). It has been shown that the N-glycan at this glycosite
affects NA enzymatic activity, causing a 20-fold decrease in
activity [58]. Similar to the description of HAs, a large number of
HINI, H3N2, H5N1, H7N2 and HIN2 viruses have accumulated
numerous glycosites in N1 and N2, especially in the global
domain, mainly participating in immune evasion. Moreover, one
conserved glycosite, 12NTT (Conservative rate: 93%, e.g., A/
turkey/Italy/3807/2004 (H7N3)), located in the transmembrane
domain in N3 and N10, requires further investigation [59].

The significance of the conserved glycosites in the stalk domain
was providing the N-glycans to avoid the cleavage by host enzyme
(e.g., Trypsin) [60,61]. The variance of the glycosites was closely
related to the deletion of the stalk domain. Although the three-
dimensional structure of stalk domain has not been determined

Table 2. The conservative rate of glycosites in the NA of
H5N1.

Conservative Conservative
Glycosite rate Glycosite rate
35NHS 1.39% 50NQS* 97.64%
58NNT* 100% 63NQT* 100%
68NIS* 96.30% 88NSS 99.09%
146NGT 98.54% 22INNT 0.84%
235NGS 99.34% 265NQS 0.15%
341INGT 0.88% 386NFS 10.72%
The asterisk represents those sites that were only calculated in the full stem
domain.
doi:10.1371/journal.pone.0049224.t002
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yet, it is speculated that the presence of an o-helix motif in the
uncrystallized structure has also been provided by cryoelectron
microscopy [62]. Wagner et al. believed that a longer stem domain
would enhance the replication capacity of the virus, while the
deletion of the stem domain would decrease the enzymatic activity
of NA [63]. Various subtypes had stalk domain deletions of 3 to 24
residues, except for N4, N8, N9 and N10.

The numbers of deletions were also distinctive across different
combinations of IVs and even within one subtype, such as the N2
subtype. Generally, no deletions were found in the NA of the
H3N2 virus; deletion of 3 residues and one corresponding glycosite
with the pattern “E-R-61N-3-64T-V-H” (meaning 3 residues
missing between 61N and 64T, e.g., A/chicken/Zhejiang/611/
2011 (H9N2)), appeared in most of the NA subtypes of the HIN2
virus. A similar deletion of 20 residues and two glycosites (I-E-
60R-20-80N-I-I) appeared in most NA subtypes of the H6N2 virus
(e.g., A/duck/Fujian/3193/2005 (H6N2)). The deletion of 16
residues and two glycosites as “C-E-55P-16-72T-T-E” were
a distinctive part of the H7N2 virus (e.g., A/unknown/New
York/19501-5/2006 (H7N2)). Parts of the H5N2 virus were
characterized by the deletion of 20 residues and two glycosites
(“R-N-621-20-83G-Y-R”,  e.g.,  A/chicken/Ibaraki/3/2005
(H5N2)). Moreover, in some avian H2N2 viruses, the deletion of
22 residues resulted in the loss of two glycosites; however, a new
glycosite appeared in the newly created sequences (“P-A-47N-22-
70N-T-V”, e.g., A/chicken/New York/Sg-00300/1997 (H2N2)).
In all, the diversity of deletions in the stalk domain indicates that
the glycosylation pattern of HA and NA has a complex relation-
ship.

The co-evolutionary glycosite pattern in the H5N1 virus

Globally, the researchers have been paying attention to the
highly pathogenic avian influenza (HPAI) since the first human
death caused directly by avian H5N1 virus in 1997. It is generally
considered that the HPAI viruses were characterized by polybasic
residues in the HAO cleavage site in HA and the deletion of the
stalk domain in NA [64]. However, these characteristics had been
reported even before 1990s. The earliest H5N1 wvirus, “A/
chicken/Scotland/1959 (H5N1)”, had four continuous basic
residues in the HAO cleavage site (compared to 5~6 continuous
basic residues in most common H5N1 HAs); the stalked deletion of
NA also existed in A/turkey/Ontario/84/1983 (H5NI1). The
records of HON1 virus have increased rapidly since 2003. Since
then, a number of new clades and subclades have emerged and
resulted in various new glycosites (Figure 3A and 3B). The
percentage of unconserved glycosites in HA also increased and
diversified rapidly after 2003, meanwhile the percentage of
unconserved glycosites in NA reduced gradually, regardless of
those highly-conserved glycosites (Figure 3C and 3D).

Both twelve glycosites were found in the HA and NA of the
H5NI1 virus, shown in the Tables 1 and 2 and Files S8 and S4.

Most H5N1 viruses were grouped into clade 0 before it
appeared in Hong Kong again in 2003. Various patterns of the
glycosites in HA and NA had co-existed in these original viruses.
These original NAs contained the known glycosites, including four
highly conserved glycosites in the stalk domain and seven in the
global domain (except the occasional 341NGT which only
appeared in clade 1 and Thailand records during 2004~2010,
e.g., A/chicken/Thailand/CU-354/2008 (H5N1)). In contrast, six
highly conserved glycosites together with 170NST exist widely in
clade 0. Since 2003, the WHO has recorded a three-wave
epidemic of H5N1, which resulted in hundreds of deaths and huge
economic losses [11]. Until recently, the glycosite patterns were
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highly conserved in all the avian clades except for clade 7 (e.g.,
clade 3, 4, 5, 6, 8 and 9), as shown in Figure 4 and Figure S2.

Most currently recorded H5N1 viruses were concentrated in the
fourth-order clades. During this decade, there have been in-
creasing human infections and new glycosite patterns of HA and
NA. It has been reported that the H5N1 virus of clade 2.2 was
involved in the outbreak that occurred among the migratory bird
population near Qinghai Lake in 2005. Since then clade 2.2
spread westward. This resulted in a number of deaths of wild birds
in Europe [65]. In 2006, the H5N1 virus appeared in Africa for
the first time, followed by hundreds of mortally infected humans in
Egypt, Nigeria and Djibouti [66]. The most recent H5N1 virus
isolated from North Africa belongs to clade 2.2.1.1, along with one
novel glycosite 88NVS. In addition, most viruses in clade 2.2,
except for clade 2.2.1.1, lack the 170N glycosite created by the
T172A mutation. Wang et al. concluded that the lack of 170NST
would enhance the HA affinity for SA receptors, especially to
SAa2-6Gal sialoglycans, which could be one reason for the
propensity of clade 2.2.1 to infect humans [67], compared with
only three conserved glycosites in the NA of clade 2.2.1.1 (Figure 4,
File S3).

Parts of the H5N1 virus isolated from China and Vietnam
belong to clade 2.3.4, with conserved glycosites in HA, but not in
NA. In contrast, another dominant virus from clade 2.3.2 featured
the loss of 170NST in HA and stable glycosites in NA. Within the
current clade 2.3.2.1, a new glycosite has appeared, “156NSS”,
which co-existed with 88NVS near the antigen sites (Figure 5D,
File S3).

The 18INVT glycosite, which is located at the apical B-folding
of HA, is conserved in all human IVs (e.g., A/Anhui/1/2007
(H5NT1)). Previous statistics have indicated that this glycosite has
a lower level of conservation in avian IVs (e.g., A/chicken/
Vietnam/NCVD-093/2008 (H5N1)). The results of the molecular
dynamics simulation indicated that the a2-3-sialoglycans adopted
a straight-like and outward topology structure while the o2-6-
sialoglycans were fishhook-like and inward; therefore, we inferred
that the that the deficiency of the glycosite would benefit the
binding of SAa2-3Gal sialoglycans [68]. Actually, all the viruses
that had deficiencies of the 181N glycosite were isolated from the
avian host, which were concentrated in clades 7.1, 7.2 and 2.2.1.1
(Figure 6A, File S3).

Interestingly, the deletion of the stalk domain in H5N1 NA is
variable. As the first human death reported in 1997, most H5N1
viruses that belonged to clade 0 and isolated in Hong Kong were
characterized by “N-Q-S-I-541-18-73N-F-Y”, which remained
a glycosite: 50NQS. Although previous studies conjectured that
the H6N1 virus (e.g., A/ Teal/Hong Kong/W312/97 (H6N1)) was
the donor of the NA gene in 1997 HPAI virus [69,70]; however,
similar motif could be found even in 1983. Since 2000, the most
common pattern of “A-E-48P-20-69I-S-N”* with four glycosites
missing has dominated in the HSN1 NAs (Figure 6B, File S4).

Discussion

There is one kind of glycoprotein that participates in the
recognition and membrane fusion in most virus envelopes, such as
the spike (S) protein in the SARS virus, the gp160 in HIV and HA
in IVs [71,72]. These glycoproteins can bind to one specific glycan
structure which is known as the lectin or GBP. Other viral
glycoproteins, such as HN in the Newcastle Disease Virus or NA
in IVs, function as the exoglycosidase in the release of virus
particles [73].

The IVs have an innate capacity for high mutation rates
because they are RNA viruses. Humans are under continuous
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attacks by newly emerging IVs which constantly undergo
“antigenic drift” and “antigenic shift”. Accumulation of sub-
stantial sequences and 3D coordinates of IV proteins have
provided the ideal tools for the investigation of how mutations
affect transfaunation, vaccine design and drug-resistance [74,75].

N-glycosylation not only influences the folding and secretion of
glycoproteins such as HA and NA but also provides the same
glycans (similar to the host’s own glycans) to escape the host’s
immune system. As the key modification of biological significance
in viral glycoproteins, we found the glycosites in 17 known HA
subtypes and 10 known NA subtypes that have complex
characteristics. In general, two highly conserved glycosites near
the HAO cleavage site and fusion peptide site may maintain the
basic function of HA; these sites were seldom absent in the HA
subtypes. More glycosites were identified in the global domain or
in the connection of global and stalk domains, along with long-
term and large-scale epidemics in several of the subtypes. The
distributional regularity of the glycosites in the NA subtypes is also
complex; two to four glycosites located in the stalk domain are
highly conserved in various subtypes, and are affected by the
deletion of the stalk domain. Another highly conserved glycosite
was found at the tip of tetramer NA in all subtypes. Other
glycosites were found to be mainly concentrated in the global
domain, which surrounds the antigenic sites.

The HA or NA subtypes exhibited low similarities of amino acid
sequences in all subtypes while maintaining identical structures,
which revealed that the functions of various HA or NA subtypes
remain conserved. Notably, some of the glycosites near the
cysteines were found to also be conserved. The cysteines take the
main role in stabilizing the tertiary structure; the conservation
verifies that cysteines and N-glycans played an important role in
the protein folding and quality control.

We have further mvestigated the H5NI1 virus to elaborate the
collaborative relationship of glycosites in HA and NA. Five highly
conserved glycosites in HA had existed before the H5N1 virus first
crossed species barriers and infected humans, as well as two
additional glycosites, 18INVT and 170NST. Since 2003, the
H5NI virus has exhibited a rapid evolutionary dynamic. Under
the selection pressure of different hosts and antigenic drift, the
glycosite pattern of current H5N1 viruses in different geographical
locations has been distinctive: the HA in clade 2.2.1.1, isolated
from Egypt, lacked the 181N glycosite but had added the 88NVS
glycosite. In addition, the HA in clade 2.3.2.1, isolated from China
or Vietnam, lacked the 170N glycosite but had added the 152N
glycosite. In contrast, as the glycosites in HA became more diverse
in the H5N1 virus, the glycosylation in NA was impaired by
a decreasing number of glycosites. The NAs of current H5N1
viruses lack a stalk domain and the four corresponding glycosites;
except the four high conserved glycosites in the global domain,
others glycosites have rarely been identified.

The envelope glycoproteins, which play a crucial role in virus
recognition, invasion and spread. The analysis of the glycosites in
HAs and NAs has provided basic information for vaccine design,
host selection and changing virulence. However, infection is
a complex process; the alternation of glycosites and glycan shapes
may affect the functions of glycoproteins. In addition, there are
other mutations also worthy of further consideration, such as the
E627K in the PB2 protein that enhances the avian viral replication
capacity in mammalian cells [76,77]. Drug resistance is also
related to viral proteins, such as the M2 protein [78]. Thus, to
prevent the next influenza pandemics, more research needs to be
done.
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Supporting Information

Figure S1 The N-J trees of H5N1 HA. The phylogenetic tree
was inferred from protein sequences by the Neighbor-Joining
method and rooted using A/chicken/Scotland/1959. Estimates of
the statistical significance of the phylogenies were calculated by
performing 1,000 bootstrap replicates. The clades classified by the
WHO are shown as colored bars.

(TIF)

Figure S2 The superposition of crystal structures from
various HA and NA subtypes. The red, green, blue and yellow
color represent the H1, H3, H5 and H7 in HAs or N1, N2, N8
and N9 in NA respectively. (A) The side view of the global domain
of NA. (B) The bottom view of the global domain of NA. (C) The
top view of the global domain of NA (D,E). The side view of the
HA trimer.

(TIF)

File S1 The analytic alignment file of 146 representative
HA and 93 representative NA sequences.

(XLSX)

File 2 The conservative rate of glycosites in 17HA and
10 NA subtypes. The asterisk represents those sites that were
only calculated in the full stem domain.

(XLS)

File S3 The analytic alignment file containing the 3576
protein sequences of H5N1 HA. As is shown in the output file,
all of the glycosites are marked in red.

(XLSX)

File S4 The analytic alignment file containing the 2732
protein sequences of H5N1 NA. As is shown in the output file,
all of the glycosites are marked in red.

(XLSX)

File S5 The analytic alignment file containing the 5973
protein sequences of H3 HA. As is shown in the output file,
the red, green and blue color represent the levels of conservation of
“>95%", “5%~95%” and “<5%”, respectively.

(Z1P)

File S6 The N-J trees of H3 HA. The phylogenctic treec was
inferred from H3 HA sequences by the N-J method and rooted
using A/equine/Miami/1/1963(H3N8). Estimates of the statisti-
cal significance of the phylogenies were calculated by performing
1,000 bootstrap replicates. 633 representative H3 HA sequences
were chosed in consideration of the age, hosts, areas, as well as the
known HA sequences from H3N1 and H3N3~H3N7 viruses.
Those unconserved glycosites are labeled (conservative rate
<95%).

(PDFS)

Table S1 Subtypes of HAs/NAs and their representative
strains.

DOC)

Table S2 Representative IDs of HAs/NAs in the PDB
and their strains.

(DOC)

Author Contributions

Conceived and designed the experiments: WC YZ SS. Performed the
experiments: WC YZ. Analyzed the data: WC YZ YQ ZL. Contributed
reagents/materials/analysis tools: WC SS ZL. Wrote the paper: WC YQ
ZL. Designed the program used in analysis: WC ZL.

November 2012 | Volume 7 | Issue 11 | e49224



References

o

21.

22.

26.

27.

29.

30.

31.

. Chen R, Holmes EC (2006) Avian Inuenza Virus Exhibits Rapid Evolutionary

Dynamics. Mol Biol Evol 23(12): 2336-2341.

. Tsai KN, Chen G (2011) Influenza genome diversity and evolution. Microbes

Infect 13(5): 479-488.

. Fouchier RA, Munster V, Wallensten A, Bestebroer TM, Herfst S, et al. (2005)

Characterization of a novel influenza A virus Hemagglutinin subtype (H16)

obtained from black-headed gulls. J Virol 79(5): 2814-2822.

. Tong SX, Li Y, Rivailler P, Conrardy C, Castillohttp://www.pnas.org/

content/early/2012/02/17/1116200109.abstract — aff-6 DA, et al. (2012) A
distinct lineage of inuenza A virus from bats. PNAS pnas.1116200109.

. Bao Y, Bolotov P, Dernovoy D, Kiryutin B, Zaslavsky L, et al. (2008) The

Influenza virus resource at the national center for biotechnology information.

J Virol 82: 596-601.

. Lyneh JP, Walsh EE (2007) Influenza: evolving strategies intreatment and

Prevention. Semin Respir Cril Care Med 28(2): 144-158.

. Bragstad K, Nielsen LP, Fomsgaard A (2008) The evolution of human influenza

A viruses from 1999 to 2006: a complete genome study. J Virol 5: 40.

. Peiris M, Yuen KY, Leung CW, Chan KH, Ip PL, et al. (1999) Human

infection with influenza HIN2. Lancet 354(11): 916-917.

. Fouchier RA, Schneeberger PM, Rozendaal FW, Broekman JM, Kemink SA, et

al. (2004) Avian influenza A virus (H7N7) associated with human conjunctivitis
and a fatal case of acute respiratory distress syndrome. PNAS 101(5): 1356—
1361.

. Obenauer JC, Denson J, Mehta PK, Su XP, Mukatira S, et al. (2006) Large-

scale sequence analysis of avian influenza isolates. Science 311(5767): 1576
1580.

. WHO (2012) Cumulative Number of Confirmed Human Cases of Avian

Influenza A/(H5N1) Reported to WHO. Available: http://www.who.int/
entity/influenza/human_animal_interface/H5N1_cumulative_table_archives/

en/. Accessed 2012 Sep 28.

. Centers for Disease Control and Prevention. (2012) Seasonal Influenza (Flu).

Available: http://www.cdc.gov/flu/weekly/. Accessed 2012 Mar 15.

. Lin T, Wang G, Li A, Zhang Q, Wu C, et al. (2009) The hemagglutinin

structure of an avian HINTI influenza A virus. Virology 392(1): 73-81.

. Nayak D, Hui E, Barman S (2004) Assembly and budding of influenza virus.

Virus Res 106(2): 147-165.

. Wu ZL, Ethen C, Hickey GE, Jiang WP (2009) Active 1918 pandemic flu viral

neuraminidase has distinct N-glycan profile and is resistant to trypsin digestion.
Biochem Bioph Res Co 379(3): 749-753.

. Chen W, Helenius A (2000) Role of Ribosome and Translocon Complex during

Folding of Influenza Hemagglutinin in the Endoplasmic Reticulum of Living
Cells. Mol Biol Cell 11(2): 765-772.

. Dennis J, Alexander (2000) A review of avian influenza in different bird species.

Vet Microbiol 74(1): 3-13.

. Viswanathan K, Koh X, Chandrasckaran A, Pappas C, RamanR, etal. (2010)

Determinants of Glycan Receptor Specificity of H2N2 Influenza A Virus
Hemagglutinin. PLoS ONE 5(10): ¢13s768.

. Yamada SY, Suzuki YS, Suzuki TS, Le M, Nidom CA, et al. (2006)

Haemagglutinin mutations responsible for the binding of H5NI influenza A
viruses to human-type receptors. Nature 444(7117): 378-82.

. Pascal G, Monica C, Nancy HZ, Brinkman van der Linden, Anderson D, et al.

(2003) Human-specific Regulation of Alpha 2-6-linked Sialic Acids. J Bio Chem
278(48): 48245-48250.

Sammalkorpi M, Lazaridis T (2007) Configuration of influenza hemagglutinin
fusion peptide monomers and oligomers in membranes. Biochem Bioph Res Co
1768: 30-38.

Kundu A, Avalos RT, Sanderson CM, Nayak DP (1996) Transmembrane
domain of influenza virus neuraminidase, a type II protein, possesses an apical

sorting signal in polarized MDCK cells. J Virol 70(9): 6508-6515.

. Luo GX, Chung J, Peter P (1993) Alterations of the stalk of the influenzavirus

neuraminidase: deletions and insertions. Virus Resea 29(2): 141-153.

. Chavas LM, Kato R, Suzuki N, Itzstein M, Mann MC, et al. (2010) Complexity

in Influenza Virus Targeted Drug Design: Interaction with Human Sialidases.

J Med Chem 53(7): 2998-3002.

5. Nayak D, Hui E, Barman S (2006) Assembly and budding of influenza virus.

Virus Res 106(2): 147-165.

Kilbourne ED, Johansson BE, Grajower B (1990) Independent and disparate
evolution in nature of influenza A virus hemagglutinin and neuraminidase
glycoproteins. PNAS 87(2): 786-790.

DuBois RM, Zaraket H, Reddivari M, Heath RJ, White SW, et al. (2011) Acid
Stability of the Hemagglutinin Protein Regulates H5N1 Influenza Virus
Pathogenicity. PLoS Pathog 7(12): e1002398.

Sun SS, Wang QZ, Zhao F, Chen WT, Li Z (2011) Glycosylation site alteration
in the evolution of influenza A (HIN1) viruses. PLoS One 6: €22844.

Markus A, Riccardo B, Simone C, Maurizio M (2009) N-glycan structures:
recognition and processing in the ER. Trends Biochem Sci 35: 274-282.
Vigerust DJ, Shepherd VL (2007) Virus glycosylation: role in virulence and
immune interactions. Trends Microbio 15(5): 211-218.

Nicholls JM, Chan RW, Russell R], Air GM, Peiris JS, et al. (2008) Evolving
complexities of influenza virus and its receptors. Trends Microbio 16(4): 149
157.

PLOS ONE | www.plosone.org

32.

33.

34.

36.

37.

38.

39.

40.

41.

42,

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

57.

58.

The Glycosylation Sites in Influenza Virus

Stevens J, Blixt O, Glaser L, Taubenbergeret JK, Palese P, et al. (2006) Glycan
microarray analysis of the hemagglutinins from modern and pandemic influenza
viruses reveals different receptor specificities. J Mol Biol 355: 1143-55.

DuBois RM, Zaraket H, Reddivari M, Heath RJ, White SW, et al. (2011) Acid
Stability of the Hemagglutinin Protein Regulates H5N1 Influenza Virus
Pathogenicity. PLoS Pathog 7(12): ¢1002398.

Wagner R, Heuer D, Wolff T, Herwig A, Klenk HD (2001) N-glycans attached
to hemagglutinin in the head region and the stem domain control growth of
influenza viruses by different mechanisms. International Congress Series 1219:
375-382.

. Ping J, Keleta L, Forbes NE, Dankar S, Stecho W, et al. (2011) Genomic and

Protein Structural Maps of Adaptive Evolution of Human Influenza A Virus to
Increased Virulence in the Mouse. PLoS ONE 6(6): ¢21740.

Das SR, Puigbo P, Hensley SE, Hurt DE, Bennink JR, et al. (2010)
Glycosylation Focuses Sequence Variation in the Influenza A Virus HI
Hemagglutinin Globular Domain. PLoS Pathog 6(11): ¢1001211.

Cherry JL, Lipman D], Nikolskaya A, Wolf YI (2009) Evolutionary Dynamics of
N-Glycosylation Sites of Influenza Virus Hemagglutinin. PLoS Curr. 1:
RRN1001.

Blackburne BP, Hay AJ, Goldstein RA (2008) Changing Selective Pressure
during Antigenic Changes in Human Influenza H3. PLoS Pathog 4(5):
€1000058.

Kobayashi Y, Suzuki Y (2012) Evidence for N-glycan shielding of antigenic sites
during evolution of human influenza A virus hemagglutinin. J Virol. 86(7):
3446-3451.

Suzuki Y (2011) Positive selection for gains of N-linked glycosylation sites in
hemagglutinin during evolution of H3N2 human influenza A virus. Genes Genet
Syst. 86(5): 287-294.

Saitou N, Nei M (1987) The neighbor-joining method: A new method for
reconstructing phylogenetic trees. Mol Biol Evol 4: 406-425.

Tamura K, Dudley J, Nei M, Kumar S (2007) MEGA4: Molecular Evolutionary
Genetics Analysis (MEGA) software version 4.0. Molecular Biology and
Evolution 24: 1596-1599.

Moremen KW, Molinari M (2006) N-linked glycan recognition and processing:
the molecular basis of endoplasmic reticulum quality control. Curr Opin Struc
Biol 16: 592-599.

Parker BL, Palmisano G, Edwards AV, White MV (2011) Quantitative N-linked
glycoproteomics of myocardial ischemia/reperfusion injury reveals ecarly
remodeling in the extracellular environment. Mol Cell Prot M110.006833.

. Humphrey W, Dalke A, Schulten K (1996) VMD-visual molecular dynamics.

J Mol Graph Model 1: 33-38.

Bohne A, Lieth CW (2002)Glycosylation of proteins: a computer based method
for the rapid exploration of conformational space of N-glycans. Pacific
Symposium on Biocomputing 7: 285-292.

Russell RJ, Haire LF, Stevens DJ, Collins PJ, Lin YP, et al. (2006) The structure
of H5NI avian influenza neuraminidase suggests new opportunities for drug
design. Nature 443: 45-49.

WHO/OIE/FAO H5N1 Evolution Working Group (2008) Toward a unified
nomenclature system for highly pathogenic avian influenza virus (H5N1). Emerg
Infect Dis 14(7): el.

WHO/OIE/FAO H5N1 Evolution Working Group (2011) Updated unified
nomenclature system for the highly pathogenic H5N1 avian influenza viruses.

Available: http://www.who.int/influenza/gisrs_laboratory/h5nl_
nomenclature/en/index.html Accessed 2011 Nov 3.

WHO/OIE/FAO H5NI1 Evolution Working Group (2012) Continued evolu-
tion of highly pathogenic avian influenza A (H5N1): updated nomenclature.
Influenza and Other Respiratory Viruses 6: 1-5.

Deshpande KL, Fried VA, Ando M, Webster RG (1987) Glycosylation affects
cleavage of an H5N2 influenza virus hemagglutinin and regulates virulence.
Proc Natl Acad Sci USA. 84(1): 36-40.

Dunham EJ, Dugan VG, Kaser EK, Perkins SE, Brown IH, et al. (2009)
Different Evolutionary Trajectories of European Avian-Like and Classical Swine
HINI Influenza A Viruses. J Virol 83(11): 5485-5494.

Kozlov G, Maattanen P, Schrag JD, Pollock S, Cygler M, et al. (2006) Crystal
structure of the bb’ domains of the protein disulfide isomerase ERp57. Structure
14(8): 1331-1339.

Sun SS, Wang QZ, Zhao F, Chen WT, Li Z (2012) Prediction of Biological
Functions on Glycosite Migrations in Human Influenza HIN1 Viruses. PLoS
One 7(2): €32119.

Gatherer D (2009) The 2009 HINT influenza outbreak in its historical context.

Journal of Clinical Virology 45(3): 174-178.

Wei CJ, Boyington JC, Dai K, Houser KV, Pearce MB, et al. (2010) Cross-
neutralization of 1918 and 2009 influenza viruses: role of glycans in viral
evolution and vaccine design. Sci Transl Med 2: 24ra21.

Garten RJ, Davis CT, Russell CA, Shu B, Lindstrom S, et al. (2009) Antigenic
and Genetic Characteristics of Swine-Origin 2009 A (HIN1) Influenza Viruses
“irculating in Humans. Science 325(5937): 197-201.

Li S, Schulman J, Itamura S, Palese P (1993) Glycosylation of neuraminidase
determines the neurovirulence of influenza A/WSN/33 virus. J Virol 67(11):
6667-6673.

November 2012 | Volume 7 | Issue 11 | e49224



60.

61.

62.

63.

64.

66.

67.

. Varghese JN, McKimm JL, Caldwell JB, Kortt AA, Colman PM (1992) The

structure of the complex between influenza virus neuraminidase and sialic acid,
the viral receptor. Proteins 14(3): 327-332.

Matsuoka Y, Swayne DE, Thomas C, Rameix-Welti MA, Naffakh N, et al.
(2009) Neuraminidase stalk length and additional glycosylation of the
hemagglutinin influence the virulence of influenza H5N1 viruses for mice. J
Virol. 83(9): 4704-4718.

Wu ZL, Ethen C, Hickey GE, Jiang W (2009) Active 1918 pandemic flu viral
neuraminidase has distinct N-glycan profile and is resistant to trypsin digestion.
Biochem Biophys Res Commun 379(3): 749-753.

Harris A, Cardone G, Winkler DC, Heymann JB, Brecher M, et al. (2006)
Influenza virus pleiomorphy characterized by cryoelectron tomography. PNAS
103(50): 19123-19127.

Ralf W, Thorsten W, Astrid H, Pleschka S, Klenk HD, et al. (2000)
Interdependence of Hemagglutinin Glycosylation and Neuraminidase as
Regulators of Influenza Virus Growth: a Study by Reverse Genetics. J Virol
74(14): 6316-6323.

Lim AP, Chan CE, Wong SK, Chan AH, Ooi EE, et al. (2008) Neutralizing
human monoclonal antibody against H5NT1 influenza HA selected from a Fab-
phage display library. J Virol 5(130): 1-10.

5. Chen H, Li YB, Li ZJ, Shi JZ, Shinya K, et al. (2006) Properties and

dissemination of H5NI viruses isolated during an influenza outbreak in
migratory waterfowl in western China. J Virol 80(12): 5976-5983.

Ducatez MF, Olinger CM, Owoade AA, Tarnagda Z, Tahita MC, et al. (2007)
Molecular and antigenic evolution and geographical spread of H5NI1 highly
pathogenic avian influenza viruses in western Africa. J Gen Virol 88: 2297
2306.

Wang WJ, Lu B, Zhou HL, Suguitan AL, Cheng X, et al. (2010) Glycosylation
at 158N of the Hemagglutinin Protein and Receptor Binding Specificity
Synergistically Affect the Antigenicity and Immunogenicity of a Live Attenuated
H5N1 A/Vietnam/1203/2004 Vaccine Virus in Ferrets. ] Virol 84(13): 6570~
6577.

PLOS ONE | www.plosone.org

1

68.

69.

70.

73.

74.

76.

77.

The Glycosylation Sites in Influenza Virus

Chen WT, Sun SS, Li Z (2012) Two Glycosylation Sites in H5N1 Influenza
Virus Hemagglutinin that Affect Binding Preference by Computer-Based
Analysis. PLoS one. 7(6): €38794.

Chan PK (2002) Outbreak of avian influenza A(H5N1) virus infection in Hong
Kong in 1997. Clin Infect Dis. 34 Suppl2: S58-64.

Hoffmann E, Stech J, Leneva 1, et al. (2000) Characterization of the influenza A
gene pool in avian species in Southern China: was H6N1 a derivative or
a precursor of HSN1? J Virol 74: 6309-6315.

. Rota PA, Oberste MS, Monroe SS, Nix WA, Campagnoli R, et al. (2003)

Characterization of a Novel Coronavirus Associated with Severe Acute
Respiratory Syndrome. Science 300: 1394-1399.

. Turner BG, Summers MF (1999) Structural Biology of HIV. J Mol Biol 285: 1

32.

Jing N, Volker S, Philippe F (2010) The hemagglutinin-neuraminidase gene of
Newcastle Disease Virus: A powerful molecular adjuvant for DNA anti-tumor
vaccination. Vaccine 28: 6891-6900.

Kaverin NV, Rudneva IA, Llyushina NA, Varich NL, Lipatov AS, et al. (2002)
Structure of antigenic sites on the haemagglutinin molecule of H5 avian inuenza
virus and phenotypic variation of escape mutants. ] Gen Virol 83: 2497-2505.
Stoll 'V, Stewart KD, Maring CJ, Muchmore S, Giranda V, et al. (2003)
Influenza Neuraminidase Inhibitors: Structure-Based Design of a Novel In-
hibitor Series. Biochemistry 42: 718-727.

Hatta M, Gao P, Halfmann P, Kawaoka Y (2001) Molecular basis for hish
virulence of Hong Kong H5NI influenza A viruses. Science 293: 1840-1842.
Brown EG, Liu H, Kit LC, Baird S, Nesrallah M (2001) Pattern of mutation in
the genome of influenza A virus on adaptation to increased virulence in the
mouse lung: identification of functional themes. Proc Natl Acad Sci USA. 98(12):
6883-6388.

. Ilyushina NA, Govorkova EA, Webster RG (2005) Detection of amantadine-

resistant variants among avian influenza viruses isolated in North America and
Asia. Virol 341: 102-106.

November 2012 | Volume 7 | Issue 11 | e49224



