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Abstract
The enzootic and zoonotic nature of H9N2 avian in�uenza viruses pose a persistent threat to global poultry industry and human health. This particular
subtype in�uenza virus raises public concerns because it possesses human receptor speci�city. In this study, four H9N2 virus strains clustered into the G57-
like viruses preferentially bound to SAα2,6 receptors as demonstrated in the results from the receptor-binding assay. The molecular dynamic simulation
showed that HAQ226L substitution of H9N2 viruses may alter the conformation of the 220-loop of hemagglutinin (HA) and thus optimize the contacts
between HA and human receptors, thereby increasing the preference for α2,6-linkages. The acquisition of an additional N-glycosylation site at position 264
close to the enzyme active sites of neuraminidase of H9N2 viruses induced the loss of hydrogen bonding between 276E at the enzyme active sites and
Zanamivir and further led to occurrence of Zanamivir-resistant of viruses. This study shows the relationship between the conformational changes due to
amino acid variations and viral biological phenotypes, which emphasizes the necessity for monitoring the continual evolution of H9N2 viruses and
comprehensively assessing their potential zoonotic threat.

1 │ Introduction
Avian in�uenza virus (AIV) is classi�ed into 16 hemagglutinin (HA) and 9 neuraminidase (NA) subtypes based on antigenic differences [1]. They not only
cause serious economic damage to the global poultry industry, but also occasionally pose substantial threats to public health [2]. H9N2 is one of the most
widespread subtypes of the AIV family and is found worldwide in wild birds and as an enzootic pathogen in poultry across much of Asia, the Middle East,
and North Africa [3]. H9N2 viruses not only infect different types of wild birds and terrestrial poultry, but also evolve to break through the interspecies barrier
transmitting to pigs, dogs, horses, mink, pika, and bats [4–6]. Most noteworthily, the long-term prevalence favors the interspecies transmission of H9N2
viruses from avian species to humans [5, 6]. These �ndings indicate that H9N2 viruses have gained the capacity to overcome host restriction factors. The
enzootic and zoonotic nature of H9N2 viruses is a great source of concern and emphasizes the importance of compressively understanding the �tness of
this particular subtype of AIVs.

Although the molecular basis of host-range restrictions is not completely de�ned, the compatibility between the HA protein of virus and its corresponding
receptor, sialic acid (SA), on the host cell is thought to contribute in part to the adaptation of virus to a speci�c host [5, 7]. The HAs of in�uenza viruses
isolated from avian species typically preferentially bind to SAα2,3 glycans, which represent avian-type receptors. The rise in the ability of HAs to preferentially
bind to SAα2,6 glycans, which represent human-type receptors, is proved to be one of the important factors for the human adaptation of AIVs [8]. The
receptor-binding property of in�uenza A viruses depends on the receptor-binding domain (RBD) in the globular head of HA [9]. It has been well demonstrated
that residue 226 within the 220-loop RBD is a major determinant of the HA binding preference for either “human-type” or “avian-type” receptors [10] and is
thought to be associated with mammalian tropism of AIVs [11–14].

From July 1998 to August 2020, at least 69 people worldwide were infected with H9N2 viruses. Retrospective serosurveys also revealed high seropositivity
rates for H9N2 antibodies among poultry workers [5, 6]. Once humans are infected with in�uenza virus, the usage of antiviral drugs is one of the important
means to control the progression of the disease. Compared with the M2 inhibitors which have been abandoned, the NA inhibitors may be the only effective
drugs available at present. However, these NA inhibitors also face severe challenges because of high variability of NA genes. In view of the questioned
e�cacy and adverse side effect of Oseltamivir, a NA inhibitor, the World Health Organization had reduced it from a core drug to an adjuvant drug in June
2017. In this case, the inhibitory effect of another NA inhibitor, Zanamivir, on in�uenza virus needs to be evaluated.

In the phylogenetic tree of HA genes, H9N2 AIVs comprise of two distinctive phylogenetic lineages: North American lineage (A/Turkey/Wisconsin/1/1966-like
(Ty66-like)) and Eurasian lineage. Among the Eurasian lineage, it can be further classi�ed into three sublineages: A/Duck/Hong Kong/Y439/1997-like (Y439-
like), A/Quail/Hong Kong/G1/1997-like (G1-like), and A/Chicken/Beijing/1/1994-like (BJ94-like). Before 2010, the BJ94-like sublineage mainly includes three
clades: BJ94-like, A/Duck/Hong Kong/Y280/1997-like (Y280-like), and A/Chicken/Shanghai/F/1998-like (SH98-like). Since 2010, a novel G57-like clade in
the BJ94-like sublineage was identi�ed, which was responsible for the H9N2 outbreaks during 2010–2013 and became the most predominant genotype
recently [15]. According to the HA phylogenetic tree of human H9N2 viruses registered in the NCBI in�uenza database
(https://www.ncbi.nlm.nih.gov/genomes/FLU/Database/nph-select.cgi?go = database) and the GISAID EpiFlu database (http://platform.gisaid.org), we
found that the potential of G57-like AIVs to infect humans was obviously higher than that of other clades of viruses (Fig. 1). Therefore, we evaluated the
potential public health threat and drug susceptibility of the G57-like H9N2 viruses in this study.

2 │ Methods And Materials

2.1 │ Viruses
Four G57-like H9N2 virus strains were analyzed in this study, the HA nucleotide sequences for which are available from GenBank under accession numbers
KF886385, KF886393, KF886401, and KF886409. They are A/Chicken/Jilin/DH102/2012 (DH102), A/Chicken/Jilin/DH104/2012 (DH104),
A/Chicken/Jilin/DH108/2012 (DH108), and A/Chicken/Jilin/DH109/2012 (DH109). The viral infectivity of each strain was determined by serial titration in
10-day-old speci�c pathogen free embryonated chicken eggs and was expressed as 50% of the egg infective dose (EID50)/mL.

2.2 │ Solid-phase direct binding assay
To directly examine the intrinsic receptor speci�city of four H9N2 virus strains, a solid-phase direct binding assay with a streptavidin-biotin detection system
was used as described previously [16]. Brie�y, the in�uenza virus particles with a titer of 128 hemagglutination units were adsorbed onto a 96-well microtiter
plate (100 µl/well) at 4°C for 16 h. After addition of serial dilutions of receptor analogues against virus particles in the presence of 10 µM of NA inhibitor,
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Zanamivir (TCI, Japan), the plate was incubated at 4°C for 2 h and then washed with a cold washing solution and incubated with streptavidin conjugated to
horseradish peroxidase (HRP-streptavidin) (Sigma-Aldrich, USA) in the working buffer at 4°C for 1 h. After washing, 100 µl/well of substrate solution (0.01%
3,3′,5,5′-Tetramethylbenzidine (Sigma-Aldrich, USA) and 0.004% hydrogen peroxide in citrate-phosphate buffer [pH 5.0]) was added and the reaction was
stopped with 2 M H2SO4. Optical density was determined at 450 nm with a Multiscan plate reader (Labsystems, Finland). Four different receptor
glycopolymer analogs were used: Biotynilated sialylglycopolymers Neu5Acα2,3Galβ1,4Glc-PAA-biotin (3′SL) and Neu5Acα2,6Galβ1,4Glc-PAA-biotin (6′SL)
were obtained from Glycotech, USA; Neu5Acα2,3Galβ1,4GlcNAc-SpNH-PAA-biotin (3′SLN) and Neu5Acα2,6Galβ1,4GlcNAc-SpNH-PAA-biotin (6′SLN) were
kindly provided by the Consortium for Functional Glycomics (Scripps Research Institute, Department of Molecular Biology, La Jolla, CA). Ten µg/ml Maackia
amurensis agglutinin (MAA) (Sigma-Aldrich, USA) speci�cally binding to SAα2,3Gal and Sambucus nigra agglutinin (SNA) (Sigma-Aldrich, USA) speci�cally
binding to SAα2,6Gal were used as positive controls of virus. PBS was set up as a negative control.

2.3 │ NA enzymatic inhibition assay
The sensitivity of viral NA to Zanamivir was evaluated by using the NA enzymatic inhibition assay based on the method of MUNANA [17]. Brie�y, diluted virus
(106 EID50) and Zanamivir (0.001 nM − 1 mM in 33 mM 2-[N-morpholino] ethanesulfonic acid [pH 6.0] containing 4 mM CaCl2) were mixed and incubated for
30 minutes at 37°C, followed by addition of the substrate (MUNANA) (Sigma-Aldrich, USA). After 1 h at 37°C, the reaction was stopped. The relationship
between the concentration of Zanamivir and the percentage of inhibition was determined, and IC50 values for NA activity were obtained by extrapolating
those �ndings.

2.4 │ Molecular Simulation
Utilizing the SWISS-MODEL web-based automated homology-modeling platform (http://swissmodel.expasy.org/) [18], the structural models of HA and NA
were constructed. The template structures chosen by SWISS-MODEL are the representative crystal structure of A/Swine/Hong Kong/9/98 (HK98) (H9N2)
(PDB ID: 1JSD_A) for HA and A/RI/5+/1957 (H2N2) (PDB ID: 3TIA_A) for NA. The sequence identity between templates and H9N2 virus strains is more than
90% for HA and above 85% for NA. The stereochemical quality of the �nal model was assessed with PROCHECK [19]. The initial model was re�ned with
molecular dynamics (MD) simulation as implemented by the GROMACS4.5.6 package [20] using a GROMOS96 43a1 force �eld. To obtain the starting
structure of the HA/receptor and NA/drug complex for MD simulation, a standard docking procedure for a rigid protein and a �exible ligand was performed
with AutoDock4 [21]. The Lamarckian genetic algorithm (LGA) was applied in the docking calculations. All of the torsional bonds of the receptors or drugs
were free to rotate while HA or NA was held rigid. Then the polar hydrogen atoms were added for HA or NA using the AutoDock tools, and Kollman united
atom partial charges were assigned [22]. A grid box (60×60×60) with spacing of 0.1 nm was created and centered on the mass center of the ligand. A total of
100 independent runs were carried out with a maximum of energy evaluations to 25000000 and a population size of 300. Energy grid maps for all possible
ligand atom types were generated using Autogrid 4.2 before performing the docking. The clusters were ranked according to the lowest energy representative
in each cluster. Then the receptor or inhibitor docking pose suggesting preferential binding to the HA receptor-binding sites or NA enzyme active sites and the
lowest energy conformation in the most populated cluster was chosen for further study [23]. Analysis of the space conformation was performed using PyMol
analysis tools.

2.5 │ Statistical analysis
Statistical analysis was performed using the analysis of variance (ANOVA) method and considered signi�cant when p < 0.05. Data are shown as means ± 
standard deviation (SD).

2.6 │ Ethics statement
This study was conducted in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the Ministry of Science
and Technology of the People’s Republic of China. The protocols for animal studies were approved by the Committee on the Ethics of Animal Experiments of
Jilin University.

3 │ Results

3.1 │ Analysis of HA and NA amino acid sequences
The receptor-binding site (RBS) of HAs and several key sites of NAs of four virus strains compared to those of H9N2 representatives were conducted as
shown in Table 1–2. The RBS of the HA1 is involved in the differences in the receptor-binding properties [24]. Previous studies indicated that in the case of
H9 HA, a single mutation Q226L might be su�cient to alter its receptor-binding properties [25]. As shown in Table 1, the representatives of Ty66-like, Y439-
like, BJ94-like, and SH98-like viruses had 226Q, which is characteristic of binding to avian receptors. While those of G1-like, Y280-like viruses and four virus
strains in the G57-like clade contained 226L, indicating a preference of binding to human receptors.
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Table 1
Alignment of the HA receptor-binding sites of H9N2 viruses.

Lineages Representative
Strains

GenBank Accession
No.

Receptor-binding Sites

98 134 136 153 155 183 190 194 195 225 226 228

North
American

Ty66 AF156390 G V Y W T H E L Y G Q G

Eurasian Y439 KF188265 •a • • • • • • • • D • •

G1 AF156378 • • • • • • • • • D L •

BJ94 KF188294 • • • • • N V • • • • •

Y280 AF156376 • • • • • N T • • • L •

SH98 AY743216 • • • • • N A • • • • •

DH102 KF886385 • • • • • N T • • • L •

DH104 KF886393 • • • • • N V • • • L •

DH108 KF886401 • • • • • N V • • • L •

DH109 KF886409 • • • • • N T • • • L •

aDots indicate residues identical to Ty66.

Table 2
Alignment of several NA key sites of H9N2 viruses.

Lineages Representative
Strains

Potential N-glycosylation sites Enzyme active sites

44 61 69 70 86 146 200 234 264 306 309 402 367–
372

399–404 431–
433

North
American

Ty66 -a NIT - NIT NWS NGT NAT NGT - - - NWS SKDSRS DSNNWS PQE

Eurasian Y439 - ···b NNT ·T· ··· ··· ··· ··· - NMT - ··· ······ ·N···· ···

  G1 - ··· NNT ·T· ··· ··· ··· ··· - - - - K····· ··DIR· ···

  BJ94 - ··· NST - ··· ··· ··· ··· - - - ··· K····· ··D··· ···

  Y280 - - NST - ··· ··· ··· ··· - - - ··· KE···· ··D··· ···

  SH98 - - NST - ··· ··· ··· ··· - - - ··· K····· ··D··· ···

  DH102 - - NST - ··· ··· ··· ··· NIS - - - KH···· ··DS·· ···

  DH104 - - NST - ··· ··· ··· ··· - - - ··· KE···· ··E··· ···

  DH108 - - NST - ··· ··· ··· ··· NVS - - - KS···· ·R·S·· ···

  DH109 - - NST - ··· ··· ··· ··· NIS - - - KN···· ···S·· ···

aDashes indicate none. bDots indicate residues identical to Ty66.

The major molecular determinants that are known to in�uence the functional activities of NA are the stalk length, the potential N-glycosylation sites (NGS)
and enzyme active sites [26]. The analysis of NGS showed that the majority of H9N2 viruses contained seven conserved potential NGS at positions 61, 69,
86, 146, 200, 234, and 402 (N2 numbering). Although loss of the potential NGS at position 61 for four virus strains in this study due to amino acid deletions
in the stalk region, DH102, DH108 and DH109 possessed an additional NGS at position 264 in the vicinity of enzyme active sites (Table 2). For four virus
strains, the enzyme active sites [26] were conserved and there was no substitution associated with resistance to the NA inhibitors.

3.2 │ Receptor-binding speci�city
In the solid-phase binding assay, four virus strains preferred SAα2,6 glycans (6′SL and 6′SLN) to SAα2,3 glycans (3′SL, 3′SLN) (p < 0.05) (Fig. 2). To better
understand the mechanism for HA-receptor interactions, the molecular dynamics simulation was applied to explore the binding a�nity of the RBS. It showed
that there was a stronger free binding-energy between four H9N2 HAs and SAα2,6 glycans than SAα2,3 glycans (Table 3), which was almost identical with
the results of solid-phase binding assay. Statistical analysis of the dynamics simulation showed that both SAα2,3 and SAα2,6 glycans preferentially bound
to these positions such as 101Y, 139T, 227Q, and 228G of H9 HAs. In addition, SAα2,3 preferred binding to 183N and 225G of HAs, while SAα2,6 worked
better with 140S and 141R of HAs. Notably, 226L did not bind to any type of glycans (Fig. 3).



Page 5/12

Table 3
The molecular docking interaction energy (kcal/mol)

of binding between HA and receptors. The docked
conformations of each ligand were ranked into

clusters based on the binding energy and the lowest-
energy conformations were visually analyzed. Each
experiment was repeated 100 times and the mean

energy values were listed.
Viruses 3′SL

(3HTT)

6′SL

(4BSE)

3′SLN

(4BSD)

6′SLN

(4BSC)

DH102 -4.88 -6.07 -5.13 -5.63

DH104 -4.87 -5.7 -4.95 -5.31

DH108 -4.8 -5.82 -4.48 -7.03

DH109 -4.92 -5.52 -4.76 -6.01

3.3 │ NA enzymatic activity
As shown in Table 3, the NAs from DH102, DH108, and DH109 possessed an additional NGS due to an H264N substitution in the vicinity of enzyme active
sites. To elucidate the effect of this mutation on the susceptibility to NA inhibitors, the NA enzymatic inhibition assay was performed. It showed that the
H264N substitution of DH102, DH108, and DH109 resulted in a 71.23-81.55-fold-lower susceptibility to Zanamivir than that of DH104 (Fig. 4). To reveal the
molecular basis of decreased sensitivity mediated by the H264N mutation, we also employed the molecular dynamics simulation to assess the binding
stability of NA to Zanamivir. It revealed that the conformational changes induced by the additionally increased carbohydrate side chain resulted in higher free
binding-energy and lower binding-a�nity relationships between NA and Zanamivir, which is consistent with the results of NA enzymatic inhibition assay
(Fig. 5 and Table 4).

Table 4
EID50 and IC50 values for H9N2 virus strains and the
molecular docking interaction energy (kcal/mol) of

binding between NA and Zanamivir.
Viruses EID50 IC50 Free binding-energy

DH102 10− 8.42 3.511 -5.11

DH104 10− 8.17 0.05646 -8.08

DH108 10− 8.30 3.378 -5.48

DH109 10− 7.8 3.243 -6.2

4 │ Discussion
Previous studies showed that unlike H2 and H3 subtypes where changes in the receptor-binding preference from avian to human receptors had been
associated with at least two mutations Q226L and G228S of HA, it appears that a single Q226L mutation of HA might be su�cient to alter its receptor-
binding properties in the case of H9 HAs [25] and the HA226L was associated with transmission of H9N2 in ferrets and deemed as a marker for increased
pandemic risk [27]. In this study, the results of the solid-phase binding assay demonstrated that four G57-like H9N2 virus strains with L at position 226 of
HAs preferred SAα2,6 glycans (Fig. 2). But it is worthy of noting that the molecular modeling showed that HA226L did not bind to any type of glycans (Fig. 3).
Thus, it was further identi�ed by the molecular docking of the receptor-binding properties of A/Swine/Hong Kong/9/1998 (HK98) (HA226L) and mutant
HK98 (HA226Q). The results illustrated that both HK98 HA and mutant HK98 HA had dual receptor-binding properties (Fig. 6a, b, d, e). We assume that the
HAQ226L substitution may alter the conformation of the 220-loop of HA and thus optimize the contacts between amino acids located at the 220-loop and
human receptors, thereby increasing the preference for α2,6-linkages. Additionally, the molecular superposition revealed that the substitution of HAQ226L
caused a slight downward shift (~ 0.13Å) of the 220-loop of HA, which makes the spatial conformation of HA binding to human receptors more stable
(Fig. 6c, f). Therefore, although the HA226L may not directly bind to receptors, it still plays an important role in determining the receptor-binding property of
H9N2 viruses. Whatever, this particular in�uenza subtype has been evolving and acquiring characteristics that raise concerns that it may become more
transmissible among humans.

Repeated human infection in different areas of the world has highlighted the importance of the low-pathogenic H9N2 virus about the potential threat.
Antiviral drugs against in�uenza virus represent the �rst line of defense. Previous studies revealed that the substitutions at the enzyme active sites of NA N2
were resistant to multiple NA inhibitors [28]. In this study, DH102, DH108, and DH109 possessed an additional NGS because of the H264N substitution
closed to the enzyme active sites (Table 1). Hence, we explored the effect of an additional sugar chain on the susceptibility to an NA inhibitor, Zanamivir. The
molecular modeling demonstrated that the H264N mutation induced the loss of hydrogen bonding between 276E at the enzyme active sites and Zanamivir
(Fig. 5). Although this mutation led to a slight conformational change in the binding between NA and Zanamivir, it provided a structural basis for a lower
binding a�nity and resulted in reduced sensitivity to Zanamivir. Fortunately, these viruses were avian isolates, indicating that this mutation occurred
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sporadically due to antigenic drift during the course of evolution of viruses that prevail among poultry rather than to the selective pressure posed by the
drugs.

Compared to H5N1 viruses, however, the research into H9N2 viruses is lagging far behind. The detection of an increasingly large number of H9N2 viruses
showing human receptor speci�city, combined with the fact of the wide host range [5], underscores the necessity to predict potential H9N2 epidemics in
humans and to perform a regular sensitivity screening for the prevalent H9N2 viruses. Most importantly, long-term H9N2 surveillance paired with
comprehensive risk-assessment is necessary in order to assess the potential for human infection. In any case, we cannot ignore the role of H9N2 viruses.
Targeting H9N2 might stop them from spawning new, deadly viruses in the future.
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Figure 1

The HA phylogenetic tree of human H9N2 viruses registered in the NCBI in�uenza database and the GISAID EpiFlu database. The red solid circles represent
those H9N2 viruses of human origin. The blue solid triangles indicate those representatives in each clade of H9N2 viruses.
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Figure 2

Receptor-binding speci�city of H9N2 virus strains determined by the solid-phase direct binding assay. Sialyloligosaccharide bound to virus immobilized in
wells of a microtiter plate was detected by HRP-streptavidin as described in the Methods (dependence of absorbance in the wells, A450, versus concentration
of polymer). Results represent means ± SD of triplicate experiments. *, **and *** denote p < 0.05, p < 0.01, and p < 0.001, respectively.
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Figure 3

Structural models of HA-glycan complexes of four H9N2 virus strains. The 3D representations are represented in cartoon and stick, respectively. The binding
sites are noted and hydrogen bonds are shown in black.
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Figure 4

The susceptibility of H9N2 virus strains to Zanamivir determined by using MUNANA as a substrate. The values represent the means of duplicate
experiments.
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Figure 5

Observed conformational changes in the Zanamivir-binding sites of NA complexes.

Figure 6

Structural comparative analyses of the interactions of the H9N2 HK98 HA and HK98 mutant HA with either avian or human receptor analogs. The three
secondary structural elements of the receptor-binding sites (i.e., the 130-loop, 190-helix and 220-loop, H3 numbering) are labeled in ribbon representation,
together with the selected residues in stick representation. The hydrogen bonds are shown as dashed lines, HK98 HA is in green, and HK98 mutant HA is in
light blue. (a) HK98 HA and (b) HK98 mutant HA with the avian receptor analogs (PDB 1JSH) bound. (c) Structural comparative analysis of the interactions
between the HK98 HA/avian receptor and HK98 mutant HA/avian receptor complexes. The glycan receptor sits lower (by ~0.13 Å) in the HK98 HA complex.
(d) HK98 HA and (e) HK98 mutant HA with the human receptor analogs (PDB 1JSI) bound. (f) Structural comparative analysis of the interactions between
the HK98 HA/human receptor and HK98 mutant HA/human receptor complexes. The glycan receptor sits lower (by ~0.13 Å) in the HK98 mutant HA complex.


