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Structural basis for preferential avian receptor
binding by the human-infecting HION8 avian
influenza virus
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Since December 2013, at least three cases of human infections with HIONS8 avian influenza
virus have been reported in China, two of them being fatal. To investigate the epidemic
potential of HIONS8 viruses, we examined the receptor binding property of the first human
isolate, A/Jiangxi-Donghu/346/2013 (JD-HION8), and determined the structures of its
haemagglutinin (HA) in complex with both avian and human receptor analogues. Our results
suggest that JD-HION8 preferentially binds the avian receptor and that residue
R137—localized within the receptor-binding site of HA—plays a key role in this preferential
binding. Compared with the H7N9 avian influenza viruses, JD-HION8 did not exhibit
the enhanced binding to human receptors observed with the prevalent H7N9 virus isolate
Anhui-1, but resembled the receptor binding activity of the early-outbreak H7N9 isolate
(Shanghai-1). We conclude that the HIONS virus is a typical avian influenza virus.
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nfluenza A virus is a major threat to public health—causing

seasonal flu and occasional pandemics—with extensive atten-

tion paid to the recently identified human-infecting avian
influenza A viruses!™. Different subtypes of avian influenza A
viruses have caused sporadic human infections in the past,
including H5N1, H6N1, H7N9 and HIN2 (refs 1,2,5-10). Since
the first human infection with avian influenza A (H5N1) virus
was reported in Hong Kong in 1997 (refs 5,6), the H5N1 virus has
caused more than 600 cases of human infections, with a fatality
rate of ~60% (http://www.who.int/influenza/human_animal_
interface/H5N1_cumulative_table_archives/en/). The influenza
A H7N9 virus was first identified in China in 2013 and has
caused more than 400 cases of human infections, with a fatality
rate of ~30% (http://www.who.int/influenza/human_animal
interface/influenza_h7n9/en/). Since December 2013, at least
three new cases of human infections with the avian HIONS
subtype virus have been reported, and two of the infected
individuals died!.

Exploring the epidemic potential of this HION8 virus is crucial
for the development of effective preventive and therapeutic
measures. Here we evaluate this strain’s receptor-binding proper-
ties and the molecular basis for its activity. Using solid-phase
binding assay, surface plasmon resonance (SPR) and tissue
staining, we find that the HI0N8 virus preferentially binds the
avian receptor with negligible binding to the human receptor.
Crystal structures of H10 protein in complex with avian or
human receptor analogues reveal that residue R137, located in the
receptor-binding site of HA, plays a key role in the preferential
binding to the avian receptor.

Results

Receptor-binding property of HIONS8. The receptor binding
activity of influenza virus is thought to be a major determinant of
virus transmissibility, which is determined by the viral surface
glycoprotein HA!'?"!%, To characterize the receptor-binding
activity of the human-infecting H10N8 virus, we rescued
the human isolate A/Jiangxi-Donghu/346/2013 (JD-H10N8)
using reverse genetics technology, naming the rescued virus
rJD-H10N8. We analyzed the receptor-binding properties of
rJD-H10N8 through solid-phase binding assays in comparison
with two H7N9 virus isolates simultaneously (A/Shanghai/1/
2013, SH-H7NY, isolated from only a few patients; and A/Anhui/
1/2013, AH-H7N9, the prevalent isolate in both the 2013 and
2014 outbreaks in China), a pandemic virus isolate (A/California/
04/2009 (HIN1), CA04-HINI1) and a typical avian influenza
virus isolate (A/Anhui/1/2005 (H5N1), AH05-H5N1). We find
that JD-HIONS preferentially bound the avian receptor, with
limited binding to the human receptor (Fig. 1a), which is similar
to the SH-H7N9 virus (Fig. 1b), the early isolate of the 2013

outbreak in China. In contrast, AH-H7N9 preferentially bound
the avian receptor, but also exhibited high affinity to the human
receptor (Fig. 1c)!°. As controls, the human influenza virus
CA04-HINI1 preferentially bound the human receptor (Fig. 1d)
and the avian influenza virus AHO5-H5NI1 preferentially bound
the avian receptor (Fig. le). These data demonstrate that the
JD-H10NB8 virus has similar receptor-binding properties to the
early H7N9 isolate of SH-H7N9 (Shanghai-1) and remains an
avian virus with the potential for sporadic human infections.

To further evaluate the receptor-binding affinities of
JD-H10N8 for canonical avian and human receptor analogues,
we generated soluble HA protein from JD-H1ONS8 using a
baculovirus expression system!®!7. Using SPR, we found that
JD-HION8 HA bound the avian receptor analogue with an
affinity of 0.4 pM (Fig. 2a). By contrast, the JD-H10N8 HA had
extremely weak binding to the human receptor (Kp>1mM,
beyond the SPR measurement range, Fig. 2a). This binding
activity is very similar to that of the A/Shanghai/1/2013(H7N9)
hemagglutinin (SH-H7N9 HA) protein but distinct to that of the
A/Anhui/1/2013(H7N9)  hemagglutinin  (AH-H7N9  HA)
protein!>. SH-H7N9 HA also exhibited binding preference
towards the avian receptor—with a similarly high affinity of
0.16 uM and extremely weak binding to the human receptor
(Fig. 2b)—whereas AH-H7N9 HA bound both avian and human
receptors with high affinities (0.10 and 0.33 pM, respectively,
Fig. 2c). As controls, A/California/04/2009 (HINI)
hemagglutinin (CA04-HIN1 HA) is shown to preferentially
bind the human receptor analogue and A/Anhui/1/2005(H5N1)
(AHO5-H5N1) HA to bind the avian receptor (Fig. 2d.e).
Collectively, the soluble HA-binding experiments yielded results
similar to the above whole virus binding data.

Host tissue tropism of HIONS8. To examine the host tissue
tropism of JD-H10N8 HA, we used soluble recombinant HA
protein to stain paraffinized human trachea and duck intestinal
tract sections. It is known that through lectin staining, the apical
surface of the human trachea predominantly displays diverse
glycan receptors terminated by «2,6 sialic acid linkages (human
receptors) %, whereas the apical surface of the duck intestinal tract
is full of diverse glycan receptors terminated by 2,3 sialic
acid linkages (avian receptors)w. Consistent with the SPR
experiments, JD-H10N8 HA did not stain the human trachea
but stained the duck small intestine well (Fig. 3). As a
comparison, SH-H7N9 HA did not stain the human trachea
but stained the duck small intestine like JD-H10N8 HA, whereas
AH-H7N9 HA stained both the human trachea (with a low
intensity) and the duck small intestine (strongly) (Fig. 3). As
controls, the HA from the human-adapted CA04-HIN1 virus
could stain the human trachea well but could not stain the duck
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Figure 1 | Receptor-binding properties at the virus level. Solid-phase binding assays for (a) rJD-HION8 (reverse genetics-rescued JD-HION8),

(b) rSH-H7NOS (reverse genetics-rescued A/Shanghai/1/2013), (c) rAH-H7N9 (reverse genetics-rescued A/Anhui/1/2013), (d) CA04-HIN1
(A/California/04,/2009) and (e) AHO5-H5N1 (A/Anhui/1/2005) viruses to both a2,3-linked (3’SLNLN) or a2,6-linked sialylglycan receptors (6'SLNLN).
Binding to 3’SLNLN is coloured in blue and 6’SLNLN in red. JD-H10N8 preferentially binds to 3'SLNLN. As a comparison, rSH-H7N9 binds preferentially
to 3'SLNLN such as JD-H10NS8, while rAH-H7N9 binds both 3’SLNLN and 6'SLNLN. As a control, CA04-H1NT1 specifically binds 6’SLNLN and
AHO5-H5N1 specifically binds 3'SLNLN. Error bars represent s.d. of the mean, which is calculated with three independent repeats.
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Figure 2 | Receptor-binding properties at the protein level. BlAcore diagrams showing binding of JD-HTON8 HA to 3’SLNLN and 6’SLNLN (a),
SH-H7N9 HA to 3’SLNLN and 6/SLNLN (b), AH-H7N9 HA to 3'SLNLN and 6’SLNLN (c), CAO4-HIN1T HA to 3'SLNLN and 6’SLNLN (d), and
AHO5-H5N1 HA to 3'SLNLN and 6/SLNLN (e). Similar to the receptor-binding properties at the virus level, JD-HION8 HA and SH-H7N9 HA
preferentially bind 3'SLNLN, while AH-H7N9 HA binds both 3’SLNLN and 6’SLNLN. As controls, CAO4-HIN1 HA preferentially binds 6'SLNLN and
AHO5-H5N1 HA preferentially binds 3'SLNLN.
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Figure 3 | Staining of human trachea and duck small intestine with JD-HION8 HA and other HAs. Paraffinized tissue sections were stained with
recombinant HAs derived from the baculovirus expression system. Specific staining by recombinant HA (in green) is indicated by white arrows.

The apical surface of the human trachea is rich in a2,6-linked glycan receptors and the apical surface of the duck small intestine is full of «2,3-linked
glycan receptors. JD-HION8 HA and SH-H7N9 HA did not stain the human trachea but stained the duck small intestine. AH-H7N9 HA stained the duck
small intestine and also stained the human trachea with low intensity. As controls, CAO4-HIN1 HA stained the human trachea well without any staining

of the duck small intestine, and AHO5-H5N1 HA stained the duck small intestine well without any staining of the human trachea.

intestinal tract, whereas the HA from the avian AH05-H5N1
displayed the same host tropism as JD-H10N8 HA (Fig. 3). These
experiments further suggest that JD-HI10N8 is a typical avian
influenza virus.

Structural basis for preferential binding to the avian receptor.
Using X-ray crystallography, we determined the structures of
JD-H10NS8 in either its free form or in complex with the two
sialo-pentasaccharides 3'SLNLN and 6'SLNLN. These sialo-
pentasaccharides are analogues of the avian and human receptors,
respectively, and contain the same three terminal saccharides
(Sia-Gal-GIcNAc)? but with different glycosidic linkages (22,3-
linkage for the avian receptor and 2,6-linkage for the human
receptor). With resolution for the structures of 2.5, 2.6 and 2.3 A,
respectively (Table 1), clear electron densities are observed for the
ligands in both complexes (Fig. 4).

The structure of JD-H10N8 HA with the avian receptor
analogue 3'SLNLN reveals that the analogue binds in a trans
conformation (Fig. 5a). Three conserved hydrogen bonds are
formed between the Sia-1 and the 130-loop residues (the main-
chain carbonyl group of T135, the side-chain hydroxyl group of
T136 and the main-chain amino group of residue R137), which
have been observed in most of the HA-receptor complex

structures. For the 220-loop, the hydrophilic residue Q226
directly forms two hydrogen bonds with the sialic acid (Sia-1)
and a hydrogen bond network is formed between the Sia-1 and
Q226 and G228, mediated by a water molecule. For the 190-helix,
the residue E190 forms two hydrogen bonds with the Sia-1. All of
the hydrogen bond interactions between the HA and receptor
analogue are converged on the Sia-1.

In the structure of JD-H10N8 HA in complex with the human
receptor analogue 6'SLNLN, only the sialic acid moiety is
observed (Fig. 5b), with a poor electron density map. Three
conserved hydrogen bonds are formed between the Sia-1 and the
130-loop residues. For the 220-loop, the hydrophilic residue Q226
directly forms two hydrogen bonds with the Sia-1, but the
hydrogen bond network that is observed in the JD-HION8
HA/avian receptor complex structure cannot be observed,
probably because of poor binding. For the 190 helix, the residue
E190 forms two hydrogen bonds with the Sia-1.

Further structural analyses reveal that RI137 residue is
important for receptor binding in JD-H10N8 HA. In the native
JD-H10N8 structure (Fig. 5¢), a hydrogen bond bridge is formed
between the side chain of residue R137 and the main-chain
carbonyl oxygen of G225, which has not been observed in other
HA subtypes. In the JD-H10N8 HA/avian receptor complex
structure (Fig. 5d), the side chain of residue R137 has no
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Table 1 | Statistics for crystallographic data collection and structure refinement.
JD-H10N8 HA JD-H10N8 HA/3'SLNLN JD-H10N8 HA/6/SLNLN
Data collection
Space group P1 P1 P1
Cell dimensions
a, b, c(R) 74.02, 117.99, 123.77 93.26, 111.44, 222.35 74.65, 118.53, 124.20
o, B,y () 98.30, 93.37, 96.56 94.96, 101.17, 91.91 98.50, 93.25, 96.38
Resolution (A) 50.00-2.50 (2.59-2.50) 50.00-2.60 (2.69-2.60) 50.00-2.30 (2.38-2.30)
Rerge 0.103 (0.725) 0.111 (0.849) 0.066 (0.352)
I/ol 8.5 (1.4) 9.8 (1.6) 17.3 (3.6)
Completeness (%) 95.0 (92.9) 97.9 (97.9) 97.0 (91.2)
Redundancy 2.4 (2.2) 27 Q7 3232
Refinement
Resolution (A) 39.47-2.50 37.07-2.60 38.89-2.30
No. reflections 137,378 262,752 179,200
Rwork/ Riree 0.2154/0.2635 0.1972/0.2465 0.1968/0.2342
No. atoms
Protein 23,202 46,445 23,202
Water 451 1,516 1,180
ligand 0 180 21
B-factors
Protein 48.6 38.2 40.8
Water 439 35.0 442
ligand 83.0 47.6
Root mean squared deviations
Bond lengths (A) 0.005 0.005 0.008
Bond angles (°) 0.891 0.940 1152
Values in parentheses are for the highest-resolution shell.

a b

JD-H10N8 HA/avian receptor JD-H10N8 HA/human receptor

190-Helix 190-Helix

130-Loop 130-Loop

220-Loop 220-Loop
Figure 4 | 2F, — F. maps for the glycan receptors in the JD-HION8
HA/receptor complex structures. 2F, — F. maps for the glycan receptors in
the JD-H1ON8 HA/receptor complex structures (a) JD-HION8 HA/
3'SLNLN and (b) JD-HION8 HA/6'SLNLN. The panels show portions of
2F, — F. electron density maps for these glycan receptor analogues
contoured at 1.0 ¢ sigma and 0.8 g, respectively, and the figures were drawn
by Pymol software. The 2F, — F. maps were generated by FFT programme in
CCP4 software.

hydrogen bonds with the avian receptor analogue, and the
hydrogen bond bridge provides a favourable hydrophilic
environment for the exposed hydrophilic glycosidic linkage in
the avian receptor analogue 3’SLNLN. In the JD-HIONS
HA-human receptor complex structure (Fig. 5e), the hydrogen
bond bridge could create an unfavourable hydrophilic environ-
ment for the exposed hydrophobic glycosidic linkage of the
human receptor. Alternatively, as R137 forms a hydrogen bond
with the 220-loop, it may stabilize the loop so that it favours
binding to the avian receptor more than the human receptor?!-?2,

4

These could explain why the JD-H10N8 HA displays strong
binding to avian receptor but very weak binding to the human
receptor.

Discussion

To date, the H5N1, H7N9 and HI10N8 avian influenza viruses
have caused severe infection in humans, representing a health
threat. Since 1997, the H5N1 viruses have caused more than 600
human infections in ~ 17 years, whereas for the H7N9 viruses
that emerged in February 2013, more than 400 human infections
have been reported in less than 2 years (ref. 23). The different
outcomes could be due to the different receptor-binding
properties of the H5N1 and H7N9 viruses!>?4-32. The H5N1
viruses display strong binding to avian receptors and weak
binding to human receptors, and sporadically infect humans. By
contrast, the H7N9 viruses, with a dominant prevalent strain
(Anhui-1), display preferential binding to avian receptors with
increased binding to human receptors!>. More importantly,
the viruses in the first few reported cases—represented by the
Shanghai-1 virus—predominantly bind to avian receptors but
with very limited human receptor binding. Thus, for the first
time, we have seen mutations of the avian virus with increased
human receptor binding capability during an outbreak. In this
study, we find that the receptor binding activity of the JD-H10N8
virus resemble the H5N1 and Shanghai-1 H7N9 avian influenza
viruses by solid-phase binding assays with whole virus, as well as
SPR experiments and tissue staining with isolated proteins. Our
data suggest that the JD-H10N8 virus would probably not cause
an epidemic similar to the H7N9 virus in its present form.
However, surveillance should be emphasized for HION8 in the
event that it acquires new mutations in HA protein as seen for
H7N9 between Shanghai-1 and Anhui-1.
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a JD13-H10/avian receptor
190-Helix Trans
7
220-Loop 130-Loop
c Native H10 d
G225

T R137

Hydrogen bond bridge

Avian receptor bound H10

Hydrophilic glycosidic linkage

b JD13-H10/human receptor

190-Helix

220-Loop 130-Loop

e Human receptor bound H10

R137

Hydrophobic glycosidic linkage

Figure 5 | Structural analyses of the interactions of JD-H1ION8 HA with either avian or human receptor analogues. The three secondary structural
elements of the binding site (that is, the 130-loop, 190-helix and 220-loop; H3 numbering) are labelled in ribbon representation, together with the selected
residues in stick representation. The hydrogen bonds are shown as black dashed lines. JD-HION8 HA with the avian receptor analogue (a) or human
receptor analogue (b) bound. The avian receptor analogue binds in a typical trans conformation, whereas only the sialic acid moiety is observed in the
JD-HION8 HA/human receptor analogue complex. In the native JD-HION8 HA structure (c), residue R137 forms a potential hydrogen bond with the
main-chain carbonyl oxygen atom of residue G225; this interaction is called a 'hydrogen bond bridge' here. In the JD-HION8 HA/avian receptor analogue
complex (d), the hydrogen bond bridge provides a favourable hydrophilic environment for the hydrophilic glycosidic linkage of the avian receptor analogue.
In the JD-HION8 HA/human receptor analogue complex (e), the hydrogen bond bridge provides an unfavourable hydrophilic environment for the

hydrophobic glycosidic linkage of the human receptor analogue.

Recently, Skehel and colleagues®® examined the receptor-
binding properties of an avian H10N2 virus, revealing that the
avian HI10 virus possesses high avidity for human receptors. The
lower avidities observed in our work might reflect the different
methods used (for example, under different temperature settings).
However, both reports observed affinity in similar millimolar
(mM) range. In their avian HI10/human receptor analogue
complex structure, they observed that the residue Q222 of the
220 loop forms a strong hydrogen bond with the human receptor,
which is used to explain the phenomenon that avian H10 virus
has high avidity for human receptors. Then, based on the
similarity of residues in the receptor-binding site of HAs between
the avian H10 virus and human-infecting H10 virus, Vachieri
et al3® concluded that the human-infecting H10 virus should
possess a high avidity for human receptors. In their human-
infecting H10/human receptor analogue complex structure, they
observed that residue R137 forms a ‘potential’ hydrogen bond
with the human receptor, which is helpful for human receptor
binding. Note that in avian H10, the residue at position 137 is a
lysine (K), which points away from the receptor-binding site and
has no hydrogen bond interaction with the human receptor,
leading to a minimal impact on the 220-loop residues including
Q222. However, our own structure of human-infecting H10
bound to human receptor R137 does not form a hydrogen bond
with the human receptor, but instead forms a hydrogen bond
with G225 in the 220 loop. Thus, we speculate that R137 might be
flexible and able to adopt different conformations. Taken
together, work from our and Skehel’s groups indicate that the
H10 subtype preferentially binds the avian receptor, while the
avian H10 with Lysine at position 137 possesses some human

receptor-binding capacity, and the human-infecting H10 with an
arginine at position 137 has a limited ability to bind the human
receptor.

Methods

Protein expression and purification. The genes encoding the ectodomains of the
HA from JD-HI10N8 (JD-H10N8 HA) was cloned into the baculovirus transfer
vector pFastBacl (Invitrogen) in-frame with an amino-terminal gp67 signal
peptide for secretion, a C-terminal thrombin cleavage site, a trimerization foldon
sequence and a Hise-tag at the extreme carboxy terminus for purification. Trans-
fection and virus amplification were performed according to the Bac-to-Bac
baculovirus expression system manual (Invitrogen)!>~17. HAs of SH-H7N9 HA,
AH-H7N9 HA, CA04-HIN1 HA and AH05-H5N1 HA were prepared as described
in our previous reportls.

HA proteins were produced by infecting suspension cultures of Hi5 cells
(Invitrogen) for 2 days. Soluble HAs were recovered from cell supernatants by
metal affinity chromatography using a HisTrap HP 5-ml column (GE Healthcare),
then purified by ion-exchange chromatography using a Mono-Q 4.6/100 PE
column (GE Healthcare). The purified proteins were subjected to thrombin
digestion (Sigma, 3 units per mg HA; overnight at 4 °C) to remove the C-terminal
trimerization foldon sequence and Hiss-tag. For crystallization, the proteins were
further purified by gel filtration chromatography using a Superdex-200 16/60 GL
column (GE Healthcare) with a running buffer of 20 mM Tris-HCl and 50 mM
NaCl (pH 8.0), and the collected protein fractions were concentrated to 8 mgml ~ 1.

Crystallization and structure determination. H10 protein was crystallized via the
sitting-drop vapour diffusion method at 18 °C. The H10 crystals grew in a reservoir
solution of 15% w/v PEG 2000 MME, 0.1 M potassium chloride, 0.1 M Tris, pH 8.0.
For receptor analogue complexes, crystals were soaked in a reservoir solution
containing 10 mM 3/SLNLN (NeuAcu2-3GalB1-4GIcNAcB1-3GalB1-4Glc) or
6'SLNLN (NeuAco2-6GalP1-4GlcNAcP1-3GalB1-4Gle) (kindly provided by the
Consortium for Functional Glycomics (Department of Molecular Biology, Scripps
Research Institute, La Jolla, CA)) for 4h. All crystals were flash-cooled in liquid
nitrogen after a brief soaking in reservoir solution with the addition of 17% (v/v)
glycerol. The X-ray diffraction data were collected at Shanghai Synchrotron
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Radiation Facility beamline 17 U, with a wavelength of 1,000 angstrom, at a tem-
perature of 100 K. All data were processed with HKL2000 software>*.

The H10 structures were solved by molecular replacement using Phaser
from the CCP4 programme suite>, with the structure of the H7N3 HA from
A/TURKEY/ITALY/215845/2002 (PDB code: 4BSG) as a search model. The H10
and receptor analogue complexes were subsequently determined using the refined
HI0 structure as input model. Initial rigid body refinement was performed using
REFMACS (ref. 37) and extensive model building was performed using COOT3®.
Further rounds of refinement were carried out using the phenix.refine programme
implemented in the PHENIX package® with energy minimization, isotropic ADP
refinement and bulk solvent modelling. The structures were then adjusted using
COOT and refined with PHENIX. Final statistics for data collection and structure
refinement are represented in Table 1. The stereochemical quality of the final
model was assessed with the programme PROCHECK’. The Ramachandran plot
revealed that there is no atoms in the disallowed region, and ~90% of the atoms
are in most favoured regions.

SPR experiments. The affinity and binding kinetics of HAs to receptor analogues
were all analysed at 25°C on a BIAcore 3000 machine with streptavidin chips
(SA chips, GE Healthcare). PBS containing 0.005% Tween 20 (PBST) was used as
the kinetics analysis buffer. Two biotinylated receptor analogues, the o-2,6 glycan
(6'SLNLN: NeuAca2-6GalB1-4GlcNAcB1-3GalB1-4GlcNAcB1-SpNH-LC-LC-
Biotin) and the -2,3 glycan (3'SLNLN: NeuAco2-3GalB1-4GlcNAcP1-3Galpl-
4GlcNAcP1-SpNH-LC-LC-Biotin) were kindly provided by the Consortium

for Functional Glycomics (Department of Molecular Biology, Scripps Research
Institute). Approximately 400 response units of biotinylated glycans were
immobilized on the chip and a blank channel was used as the negative control.
Thrombin-digested HAs were purified by gel filtration using PBST buffer as the
running buffer and serially diluted to concentrations ranging from 0.0625 to 2 pM
(JD-H10N8 HA, SH-H7N9 HA and AH-H7N9 HA) or from 0.625 to 20 pM
(CA04-HIN1 HA and AHO05-H5N1 HA). The HA protein preparations were then
flowed through the chip and the response units were measured. The sensor surface
was regenerated with 10mM NaOH at the end of each cycle. Sensograms were
globally fitted with BIAcore 3000 analysis software (BIAevaluation Version 4.1)
using a 1:1 Langmuir binding mode and HA monomer as the identity to assume
a 1:1 binding. The affinity values were calculated with a simultaneous kinetic

K, (association rate)/Ky (dissociation rate) model.

Binding of HAs to human and duck tissue sections. The immunofluorescence
assay was based on those reported by Chandrasekaran et al.*! and Tharakaraman
et al.*? Briefly, paraffinized human tracheal and duck small intestine tissue sections
were deparaffinized, rehydrated and incubated with 1% BSA in PBS for 30 min
at room temperature (RT) to prevent nonspecific binding. Ion-exchange
chromatography-purified HA (still with trimerization foldon sequence and
Hise-tag) was precomplexed with primary antibody (mouse anti-His-tag, MBL)
and secondary antibody (Alexa Fluor 488 goat anti-mouse IgG, Invitrogen) in a
molar ratio of 4:2:1, respectively, for 20 min on ice. The tissue binding was
performed using HA concentration (50 pgml ~!) by diluting the precomplexed
stock HA in 1% BSA-PBS. Tissue sections were then incubated with the
HA-antibody complexes for 3h at RT. Sections were counterstained with DAPI
(Beyotime; 1:1,000 in PBS) for nuclei for 20 min at RT. After thorough washing, the
tissue sections were mounted and then examined by using confocal laser scanning
microscopy (Leica TCS SP8 laser scanning confocal microscopy).

Virus preparations. The experiments were performed in the approved Biosafety
level 3 laboratory. The A/Anhui/1/2013 (AH-H7N9) and A/Shanghai/1/2013
(SH-H7N9) viruses were generated by plasmid-based reverse genetics technology
to avoid any impurities of the initial isolated viruses as previously described®.
The rescued viruses were named rAH-H7N9 and rSH-H7NO9, respectively, to
distinguish from the natural isolates. A re-assortant JD-H10N8 (rJD-H10N8) virus
was also rescued by plasmid-based reverse genetics technology3. The rJD-H10N8
virus comprised H10 HA and N8 NA from JD-H10N8 virus, and the remaining six
gene segments are derived from PR8/HIN1 virus. All rescued viruses were
sequenced to exclude any unwanted mutations. The CA04-H1N1 and AHO05-H5N1
are original virus isolates stocked in our laboratory. Virus stocks were propagated
in specific pathogen-free chicken embryonated eggs. Virus concentrations were
determined by using haemagglutination (HA) assays with 1% (vol/vol) chicken red
blood cells.

Solid-phase binding assay. Receptor-binding specificity was analysed by a solid-
phase direct binding assay**. Briefly, Serial dilutions (0.15625, 0.3125, 0.625, 1.25,
2.5 and 5pgml ~ 1) of biotinylated glycans 3'SLNLN and 6'SLNLN were prepared
in PBS, and 50 pl was added to the wells of the streptavidin-coated high binding
capacity 96-well plate (Pierce) and allowed to attach overnight at 4 °C. After
removal of the glycopolymer solution, the plates were blocked with 100 pl of PBS
containing 2% BSA at RT for 1 h. After washing with ice-cold PBS containing 0.1%
Tween 20 (PBST), the plates were incubated in a solution containing influenza
virus (256 HA units in PBST), 10 uM oseltamivir and 10 M zanamivir at 4 °C for
12h. After washing with PBST, rabbit antisera (against JD-H10N8 HA,
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CA04-HIN1 HA, AH05-H5N1 HA or AH-H7N9 HA, respectively) was added to
each well and the plates were incubated at 4 °C for 5h. The wells were then washed
with ice-cold PBST and incubated with horseradish peroxidase-conjugated
goat-anti-rabbit IgG (Santa Cruz Biotechnology) for 2h at 4 °C. After washing
with ice-cold PBST, the plates were incubated with 100 pl TMB Horseradish
Peroxidase Color Development Solution (Beyotime) for 10 min at RT. The
reaction was stopped with 50 pl of 1 M H,SO, and the absorbance was
determined at 450 nm.

References

1. Gao, R. et al. Human infection with a novel avian-origin influenza A (H7N9)
virus. New Engl. J. Med. 368, 1888-1897 (2013).

2. Wei, S. H. et al. Human infection with avian influenza A H6N1 virus: an
epidemiological analysis. Lancet Respir. Med. 1, 771-778 (2013).

3. Gao, G. F. Influenza and the live poultry trade. Science 344, 235 (2014).

4. Liu, D, Shi, W. & Gao, G. F. Poultry carrying H9N2 act as incubators for novel
human avian influenza viruses. Lancet 383, 869 (2014).

5. Claas, E. C. et al. Human influenza A H5N1 virus related to a highly pathogenic
avian influenza virus. Lancet 351, 472-477 (1998).

6. Yuen, K. Y. et al. Clinical features and rapid viral diagnosis of human disease
associated with avian influenza A H5N1 virus. Lancet 351, 467-471 (1998).

7. Guo, Y., Li, J. & Cheng, X. [Discovery of men infected by avian influenza A
(HON2) virus]. Zhonghua. Shi. Yan. He. Lin. Chuang. Bing. Du. Xue. Za. Zhi.
13, 105-108 (1999).

8. Koopmans, M. et al. Transmission of H7N7 avian influenza A virus to human
beings during a large outbreak in commercial poultry farms in the Netherlands.
Lancet 363, 587-593 (2004).

9. Centers for Disease Control & Prevention. Notes from the field: Highly
pathogenic avian influenza A (H7N3) virus infection in two poultry
workers-Jalisco, Mexico. July 2012. MMWR Morb. Mortal. Wkly Rep. 61,
726-727 (2012).

10. To, K. K. et al. Emergence in China of human disease due to avian influenza
A(H10NB8)--cause for concern? J. Infect. 68, 205-215 (2014).

11. Chen, H. et al. Clinical and epidemiological characteristics of a fatal case of
avian influenza A HI10N8 virus infection: a descriptive study. Lancet 383,
714-721 (2014).

12. Skehel, J. J. & Wiley, D. C. Receptor binding and membrane fusion in virus
entry: the influenza hemagglutinin. Annu. Rev. Biochem. 69, 531-569 (2000).

13. Wu, Y, Wu, Y, Tefsen, B, Shi, Y. & Gao, G. F. Bat-derived influenza-like
viruses H17N10 and H18N11. Trends Microbiol. 22, 183-191 (2014).

14. Shi, Y., Wu, Y., Zhang, W., Qj, J. & Gao, G. F. Enabling the ‘host jump’:
structural determinants of haemagglutinin receptor binding specificity in
influenza A viruses. Nat. Rev. Microbiol. 12, 822-831 (2014).

15. Shi, Y. et al. Structures and receptor binding of hemagglutinins from human-
infecting H7N9 influenza viruses. Science 342, 243-247 (2013).

16. Zhang, W. et al. Crystal structure of the swine-origin A (HIN1)-2009 influenza
A virus hemagglutinin (HA) reveals similar antigenicity to that of the 1918
pandemic virus. Protein Cell 1, 459-467 (2010).

17. Stevens, J. et al. Structure of the uncleaved human H1 hemagglutinin from the
extinct 1918 influenza virus. Science 303, 1866-1870 (2004).

18. Shinya, K. et al. Avian flu: influenza virus receptors in the human airway.

Nature 440, 435-436 (2006).

. Kuchipudi, S. V. et al. Differences in influenza virus receptors in chickens
and ducks: Implications for interspecies transmission. J. Mol. Genet. Med. 3,
143-151 (2009).

20. Eisen, M. B., Sabesan, S., Skehel, J. J. & Wiley, D. C. Binding of the

influenza A virus to cell-surface receptors: structures of five hemagglutinin-
sialyloligosaccharide complexes determined by X-ray crystallography. Virology
232, 19-31 (1997).

21. Zhang, W. et al. Molecular basis of the receptor binding specificity switch of the
hemagglutinins from both the 1918 and 2009 pandemic influenza A viruses by
a D225G substitution. J. Virol. 87, 5949-5958 (2013).

22. Xu, R., McBride, R., Nycholat, C. M., Paulson, J. C. & Wilson, I. A. Structural
characterization of the hemagglutinin receptor specificity from the 2009 HIN1
influenza pandemic. J. Virol. 86, 982-990 (2012).

23. Liu, J. et al. H7N9: a low pathogenic avian influenza A virus infecting humans.
Curr. Opin. Virol. 5, 91-97 (2014).

24. Xiong, X. et al. Receptor binding by a ferret-transmissible H5 avian influenza
virus. Nature 497, 392-396 (2013).

25. Zhang, W. et al. An airborne transmissible avian influenza H5 hemagglutinin
seen at the atomic level. Science 340, 1463-1467 (2013).

26. Herfst, S. et al. Airborne transmission of influenza A/H5N1 virus between
ferrets. Science 336, 1534-1541 (2012).

27. Imai, M. et al. Experimental adaptation of an influenza H5 HA confers
respiratory droplet transmission to a reassortant H5 HA/HIN1 virus in ferrets.
Nature 486, 420-428 (2012).

28. Belser, J. A. et al. Pathogenesis and transmission of avian influenza A (H7N9)
virus in ferrets and mice. Nature 501, 556-559 (2013).

1

o

| 6:5600 | DOI: 10.1038/ncomms6600 | www.nature.com/naturecommunications

© 2015 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

ARTICLE

29. Richard, M. et al. Limited airborne transmission of H7N9 influenza A virus
between ferrets. Nature 501, 560-563 (2013).

30. Watanabe, T. et al. Characterization of H7N9 influenza A viruses isolated from
humans. Nature 501, 551-555 (2013).

31. Xiong, X. et al. Receptor binding by an H7N9 influenza virus from humans.
Nature 499, 496-499 (2013).

32. Xu, R. et al. Preferential recognition of avian-like receptors in human influenza
A H7N9 viruses. Science 342, 1230-1235 (2013).

33. Vachieri, S. G. et al. Receptor binding by H10 influenza viruses. Nature 511,
475-477 (2014).

34. Otwinowski, Z. & Minor, W. Processing of X-ray diffraction data collected in
oscillation mode. Macromol. Crystallogr. A 276, 307-326 (1997).

35. Read, R. J. Pushing the boundaries of molecular replacement with maximum
likelihood. Acta Crystallogr. D. Biol. Crystallogr. 57, 1373-1382 (2001).

36. Collaborative Computational Project, N. The CCP4 suite: programs for
protein crystallography. Acta Crystallogr. D. Biol. Crystallogr. 50, 760-763
(1994).

37. Murshudov, G. N., Vagin, A. A. & Dodson, E. J. Refinement of macromolecular
structures by the maximum-likelihood method. Acta Crystallogr. D. Biol.
Crystallogr. 53, 240-255 (1997).

38. Emsley, P. & Cowtan, K. Coot: model-building tools for molecular graphics.
Acta Crystallogr. D. Biol. Crystallogr. 60, 2126-2132 (2004).

39. Adams, P. D. et al. PHENIX: a comprehensive Python-based system for
macromolecular structure solution. Acta Crystallogr. D. Biol. Crystallogr. 66,
213-221 (2010).

40. Laskowski, R. A., Macarthur, M. W., Moss, D. S. & Thornton, J. M.
Procheck—a program to check the stereochemical quality of protein structures.
J. Appl. Crystallogr. 26, 283-291 (1993).

41. Chandrasekaran, A. et al. Glycan topology determines human adaptation of
avian H5N1 virus hemagglutinin. Nat. Biotechnol. 26, 107-113 (2008).

42. Tharakaraman, K. et al. Glycan receptor binding of the influenza A virus H7N9
hemagglutinin. Cell 153, 1486-1493 (2013).

43. Sun, Y. et al. High genetic compatibility and increased pathogenicity of
reassortants derived from avian HON2 and pandemic HIN1/2009 influenza
viruses. Proc. Natl Acad. Sci. USA 108, 4164-4169 (2011).

44. Watanabe, Y. et al. Acquisition of human-type receptor binding specificity by
new H5N1 influenza virus sublineages during their emergence in birds in
Egypt. PLoS Pathog. 7, €1002068 (2011).

Acknowledgements

This work was supported by the China Ministry of Science and Technology National 973
Project (grant number 2011CB504703), the Intramural Special Grant for Influenza Virus
Research from the Chinese Academy of Sciences (grant number KJZD-EW-L09), the
Strategic Priority Research Program of the Chinese Academy of Sciences (grant number
XDB08020100), the China National Grand S&T Special Project (grant number
20147X10004002) and the National Natural Science Foundation of China (NSFC, grant
number 31402196). G.F.G. is a leading principal investigator of the NSFC Innovative
Research Group (grant number 81321063). Y. Shi is supported, in part, by the Excellent
Young Scientist Program of the Chinese Academy of Sciences.

Authors contributions

G.F.G. designed and coordinated the study. MW., W.Z, EW,, J.Z, Y.B,, CH. and H.S.
conducted the experiments. J.Q. collected the data sets and solved the structures. Y. Shi
and G.F.G. wrote the manuscript, and Y.W., J.L., X.L,, ].Y. and Y. Shu participated in the
manuscript editing and discussion.

Additional information

Accession codes: The structures for JD-H10N8 HA, JD-H10N8 HA/3/SLNLN and
JD-H10N8 HA/6'SLNLN are deposited to Protein Data Bank with the accession
numbers, 4QY0, 4QY1 and 4QY2, respectively.

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Wang, M. et al. Structural basis for preferential avian receptor
binding by the human-infecting HI0NS8 avian influenza virus. Nat. Commun. 6:5600
doi: 10.1038/ncomms6600 (2015).

| 6:5600 | DOI: 10.1038/ncomms6600 | www.nature.com/naturecommunications 7

© 2015 Macmillan Publishers Limited. All rights reserved.


http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://www.nature.com/naturecommunications

	Structural basis for preferential avian receptor binding by the human-infecting H10N8 avian influenza virus
	Introduction
	Results
	Receptor-binding property of H10N8
	Host tissue tropism of H10N8
	Structural basis for preferential binding to the avian receptor

	Discussion
	Methods
	Protein expression and purification
	Crystallization and structure determination
	SPR experiments
	Binding of HAs to human and duck tissue sections
	Virus preparations
	Solid-phase binding assay

	Additional information
	Acknowledgements
	References




