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Abstract

The 2013 outbreak of avian-origin H7N9 influenza in eastern China has raised concerns about its
ability to transmit in the human population. The hemagglutinin glycoprotein of most human H7N9
viruses carries Leu226, a residue linked to adaptation of H2N2 and H3N2 pandemic viruses to
human receptors. However, glycan array analysis of the H7 hemagglutinin reveals negligible
binding to human-like a2-6-linked receptors and strong preference for a subset of avian-like a2-3-
linked glycans recognized by all avian H7 viruses. Crystal structures of H7N9 hemagglutinin and
six hemagglutinin-glycan complexes have elucidated the structural basis for preferential
recognition of avian-like receptors. These findings suggest that the current human H7N9 viruses
are poorly adapted for efficient human-to-human transmission.

In the spring of 2013, an outbreak of human infections caused by avian-origin H7N9
subtype influenza A virus occurred in the eastern provinces of China (1). By the end of May
2013, 132 cases of laboratory-confirmed H7N9 influenza were reported, resulting in 37
deaths (2). These patients generally presented influenza-like illnesses that frequently
progressed to acute respiratory distress syndrome and severe pneumonia (3, 4). However,
natural infection by H7N9 viruses in avian hosts are asymptomatic, which allows the virus
to spread among birds and not be readily detected by surveillance (2).

The H7N9 outbreak has raised concerns about its potential for causing human pandemics or
epidemics (5, 6). Compared to H5N1 viruses, H7N9 appears to transmit from birds to
humans more readily, with reports of a relatively large number of recent human infections in
a short period of time. Fortunately, however, avian influenza viruses such as H7N9 must
overcome a species barrier that prevents transmission from human-to-human and thereby
attain wide circulation in an antigenically naive human population. Early reports have
suggested that exposure to poultry was responsible for over 75% of the documented human
cases of H7N9 influenza, but limited human-to-human transmission cannot be ruled out,
especially in a few small clusters of human infections (4). Sequence analysis of the H7N9
viral proteins revealed that the virus has acquired several amino-acid changes associated
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with adaptation to human receptor binding and transmission in prior human pandemics
(7-9). The PB2 protein of the H7N9 virus contains an E627K mutation that is important in
other viruses for respiratory droplet transmission among humans (10). Furthermore, the HAs
from most H7N9 human isolates have Leu at position 226 (H3 numbering) instead of Gln,
which is conserved in avian H7 HAs (7, 8), as well as in other avian subtypes (11, 12). The
GlIn to Leu mutation is one of the hallmarks of the switch to human receptor binding
specificity that occurred in the 1957 H2N2 and 1968 H3N2 human influenza virus
pandemics, representing an adaptation believed to be required for efficient human-to-human
transmission (11-13). Recent studies suggested that the H7N9 virus could efficiently
transmit among experimental ferrets via direct contact (14-16), but respiratory droplet
transmission, the mode of transmission relevant to human pandemics, is less efficient as
demonstrated by results from five independent studies (9, 14-18). Thus, it is of major
interest for public health to understand the extent to which the current H7N9 viruses have
evolved to acquire capabilities for human-to-human transmission.

Most avian H7 viruses, including those associated with previous human outbreaks, contain
highly conserved avian-specific residues, including GIn226, in their receptor-binding site
that enable them to specifically recognize terminal sialic acids in an a2-3 linkage to
galactose (19, 20). In contrast, while the first human H7N9 virus isolated contained GIn226
(A/Shanghai/1/2013, Sh1), most other human H7N9 viruses analyzed so far carry Leu226
(e.g., A/Shanghai/2/2013, Sh2), with a few isolates containing 11226 (e.g., A/Hangzhou/
1/2013, Hz1) (7). The GIn to Leu mutation is associated with improved affinity for human
receptors where sialic acid is a2-6 linked to galactose (7, 8). In avian H2 and H3 HA, the
Q226L mutation by itself greatly decreases HA affinity for a2-3-linked glycans while
substantially improving binding to a2-6-linked glycans (21, 22). Recent studies have
showed that H7N9 viruses with Leu226 can bind to receptors on the human tracheal
epithelium (23) and are able to replicate in the upper respiratory tract of ferrets (14, 15).
Unlike previous H7 viruses isolated in humans (H7N7), which exhibit contact transmission
between ferrets but no respiratory droplet transmission (24), the human H7N9 viruses
exhibit limited transmission by respiratory droplets (9, 14-16, 18), heightening concern that
receptor binding changes might support more efficient transmission in humans (24).

Crystal structure of Sh2 H7 HA

We determined the crystal structure of Sh2 H7 HA at 2.7 A resolution (Fig. 1A, table S1)
and found that it is structurally similar to the HA from a highly pathogenic avian H7N7
virus that infected humans (A/Netherlands/219/2003, Neth219) [Protein Data Bank (PDB)
entry 4DJ6] (20) (Ca root mean square deviation (RMSD) of 1.2 A and only 0.4 A for the
receptor-binding domain). The main differences around the receptor-binding site arise from
the absence of an N-linked glycosylation site at Asn133 in Sh2 due to a T135A substitution
and Leu226 instead of GIn226 (Fig. 1B).

Glycan binding of H7N9 HA

Although studies evaluating receptor binding using whole viruses (14-16, 25, 26) have
reported that the Leu226 mutation increases binding of H7N9 viruses to human receptors,
binding to avian- and human-type receptors is influenced by the neuraminidase, which
preferentially cleaves avian-type receptors (15, 25). To directly examine the intrinsic
receptor specificity of the H7N9 HA, we analyzed HA binding to sialosides in plate-based
assays and glycan arrays using soluble recombinant trimeric HAs expressed in mammalian
cells (Fig. 2). In the plate assay, Sh2 HA strongly prefers a2-3-sialylated di-N-
acetyllactosamine (SLNLN), although weak binding to a2-6 SLNLN at high protein
concentrations is also observed (Fig. 2A) (27). Substitution of Leu226 to GlIn, as in Sh1, or
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Ile, as in Hz1 strains, slightly increases avidity for a2-3 SLNLN, but completely abrogates
binding to a2-6 SLNLN in this assay (Fig. 2A). The preferential binding of recombinant
Sh2 HA to a2-3 sialosides in analogous plate assays or in biosensor-based assays has also
been recently reported by other groups (28-30).

The H7N9 HA receptor binding properties were further investigated using a custom
influenza receptor glycan microarray comprised of diverse a2-3 sialosides (#3-35) and a.2-6
sialosides (#36-56) that correspond to N- and O-linked glycans and linear fragments of
glycans on mammalian glycoproteins and glycolipids (see list in table S3). Sh2 with Leu226
shows highly restricted binding to a small number of a.2-3 sialylated glycans, and no
detectable binding to a2-6 sialylated glycans, consistent with the more stringent
requirements for binding in this assay (31). This subset of a2-3 sialosides includes sulfated
linear glycans (#3, 4 and 7), linear and branched O-linked glycans (#20, 21, 23, 24) and
biantennary N-linked glycans (#25-27). Notably, specificity for sulfated glycans #3
(NeuAca2-3Galp1-4[6S]GIcNAC) and #4 (NeuAca2-3Galpl-4(Fucal-3) [6S]GIcNAC) are
characteristic of H7 avian viruses, including those from poultry and aquatic birds (19, 24,
32). The L2261 and L226Q substitutions change the distribution of glycan receptors that Sh2
HA binds, but specificity for a2-3-sialylated glycans is maintained (Fig. 2B) (33). Similar
strict specificity for a2-3-sialylated glycans was observed for recombinant H7 HAs
expressed in a baculovirus expression system (figs. S1 and S2) (34). In summary, Sh2 HA
with Leu226 still maintains strong avian-type receptor specificity, with only very weak
binding to human type a2-6 receptors.

H7 HA structures with LSTa and LSTc

Previous structural analyses of HA-receptor recognition and specificity have been limited to
a small group of linear glycan receptor analogs including short synthetic fragments of
glycans on glycoproteins and glycolipids (3’-SLN, NeuAca2-3Galf1-4GIcNAc and 6’-SLN,
NeuAca2-6GalB1-4GIcNAC) and related oligosaccharides from human milk (LSTa,
NeuAca2-3GalB1-4GIcNAcB1-3Galpl-4Glc, LSTc,
NeuAca2-6GalB1-4GIcNAcB1-3Galpl-4Glc and LSTh,
Galp1-4(NeuAca2-6)GIcNACcB1-3GalB1-4Glc) (Fig. 3A) (30, 35). Notwithstanding, these
ligands have provided valuable information on how avian and human HAs differentially
recognize a2-3 and a2-6-linked sialosides.

We determined crystal structures of Sh2 H7 HA with avian receptor analog LSTa at 2.6-2.7
A resolution and found that only Sia-1 and Gal-2 of LSTa were ordered (Fig. 3B and fig.
S3). Comparison of human and avian H7 HA structures reveals several differences in
receptor recognition. In avian H7 from Neth219 virus (PDB entry 4DJ7) (20), preferential
binding to avian receptors is mediated by GIn226 that hydrogen bonds with the Gal-2 O3
atom at the Sia-Gal linkage and the 4-hydroxyl group of Gal-2 (Fig. 3D). In addition, the
Sia-1 carboxyl group is located within 3.5 A of GIn226. This mode of recognition is highly
conserved in other avian HA subtypes (35). In Sh2, the hydrophobic Leu226 does not
support such a hydrogen-bonding network and Gal-2 moves away from Leu226, which
results in LSTa taking a slightly different trajectory exiting the binding pocket. No
significant interactions were visualized with the glycan ligand beyond Sia-1 suggesting a
weak interaction that was not improved by increased soaking time and concentration of
LSTa (fig. S3, table S1).

Similarly, in the crystal structure of Sh2 with human receptor analog LSTc at 2.9 A
resolution, only Sia -1 and Gal-2 could be modeled (Fig. 3C). Leu226 mediates hydrophobic
interactions with the Gal-2 hydrophobic face through its C6 and C4 atoms. Although the
specific interactions involving Gal-2 are similar in the human H2 HA complex with LSTc
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(PDB entry 2WRY7) (Fig. 3E) (36), other structural features in H7N9 HA may prevent further
stabilization of the glycan receptor analog beyond GIcNAc-3. Similar to avian H7 HA (20),
the 150 loop of Sh2 H7 HA is closer to the receptor-binding site than it is in H2 HA (Figs.
3C, 3E).

These Sh2 HA structures with receptor analogs (LSTa and LSTc) then suggest that Leu226
modifies HA recognition of glycans with an a2-3 linkage, but does not adapt the HA
receptor binding site for binding of a2-6-linked glycans (Fig. 3, B and C). These structural
findings are in general consistent with other recent structural studies on human H7 (25, 29).
The most notable difference is the cis configuration of a2-3 linkage in these structures,
which may result from use of different receptor analogs (37).

Preferential recognition of avian-like receptors

To further explore the structural basis for retention of avian-type receptor specificity, we
determined crystal structures of Sh2 H7 HA at 2.5-2.85 A resolution with glycans #3, 21 and
23, which were identified as specific binders on the microarray (Fig. 4, table S2). In each
case, additional HA-glycan contacts are created distal to the Sia-Gal linkage so that efficient
binding to a2-3-linked glycans is achieved despite Leu226 (Fig. 5). Most relevant is glycan
#3 (NeuAca2-3Galp1-4[6S]GIcNAC), which has been demonstrated to be a receptor analog
recognized by all avian H7 viruses (19, 32). Previous efforts to model sulfated glycans in the
avian H7 structure positioned the sulfo group in the vicinity of Lys193 for favorable charge
interactions (19, 32) and was supported by the crystal structure of H5 HA with a sulfated
sialoside (38). Perhaps surprisingly, we found that the sulfo group is located near the 220
loop between Leu226 and Val186 (Figs. 4D, 5C) and hydrogen bonds to the Ser227 main-
chain amide and Glu190. The Sia-Gal linkage adopts a trans configuration, similar to linear
avian receptor analogs in avian H7 and Sh2 H7 structures (Fig. 5A). The glycan exits the
receptor-binding site above the 220 loop and follows a trajectory similar to avian receptors
in H7 and other avian HAs. The sulfated GIcCNAc-3, however, rotates its linkage with Gal-2
by about 180° to bring the sulfated 6-hydroxyl group over to the side of the 190 helix rather
than proximal to the 130 loop. Electron density for the sulfo group is substantially better
defined than GIcNAc-3, suggesting that glycan #3 binding to HA is mainly anchored by
Sia-1 and the sulfo group, with flexibility in the rest of the receptor.

The O-linked glycans (#21 and #23) share a common terminal sequence analogous to LSTa.
For glycan #21 (NeuAca2-3Galp1-4GIcNAcB1-3GalNAca-Thr) in complex with Sh2 HA,
the Siaa2-3Gal linkage adopts a cis configuration (Fig. 4E). Gal-2 rotates about 180° (Fig.
5B), bringing its 6-hydroxyl group into hydrogen bonding distance with the Gly225
carbonyl oxygen. The receptor analog exits over the 220 loop and turns away from the
receptor-binding site between GIcNAc-3 and GalNAc-4, where GIn222 mediates hydrogen
bonds with O3 in the linkage as well as the acetamido carbonyls from GlcNAc-3 and
GalNAc-4 (Figs. 4E, 5D). Glycan #23 is a biantennary structure with one arm identical to
glycan #21 (Fig. 4 B and C). Only this arm is visualized in the electron density map and
binds HA similarly to glycan #21 (Fig. 4F-G). Sh2 HA also recognizes other a2-3-linked
biantennary glycans (N-linked glycans #24-27) and their longer arms may allow the glycan
to span HA trimers to improve avidity.

The HA complexes with these three avian-type receptor glycans reveal different binding
modes that highlight the enormous diversity in HA-glycan recognition. Preferential binding
for these glycans is mediated by HA-receptor interactions that were not predictable without
these crystal structures. These interactions can compensate for unfavorable contacts between
Leu226 and the a2-3-linkage, allowing human H7N9 HA to effectively maintain avian-type
receptor specificity.
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Implication for pandemic risk

The combination of glycan microarrays and x-ray structural determination has enabled us to
demonstrate that the HA from current human H7N9 viruses retains specificity for sulfated
a2-3-linked sialylated glycans that are recognized by avian H7 viruses (19, 32), and is not
optimally evolved for recognition of human-like receptors. Because acquisition of human-
type receptor specificity is considered a risk factor for human-to-human transmission,
reports of binding to human type (a2-6) receptors (14-16, 23, 25, 26) have raised concern
for the potential for H7N9 to become a pandemic virus. However, we and others have found
that the human H7 HA is predominantly specific for avian-type (a2-3) receptors with only
weak binding to human receptors (28-30). Thus, additional mutations will be needed for the
HA to achieve specificity for human-type receptors as observed in human pandemic viruses.
We suggest that the intrinsic weak avidity to human receptors in receptor assays is
exaggerated in studies with whole virus by preferential cleavage of the avian-type receptors
by the neuraminidase (15, 25) and the high valency of HA on the virus that can amplify
binding to receptors of weaker affinity. This explanation is consistent with previous
observations from analysis of a human H7N7 virus (A/NY/107/03), where the recombinant
H7 HA exhibits strong preference for avian-type receptors (39), but whole virus showed
significant binding to human-type receptors and manifests contact transmission, but not
respiratory droplet transmission, in ferrets (24, 39). The situation for human H7N9 viruses is
also quite analogous to H5N1 viruses, where other mutations, in addition to GIn226Leu, are
required to achieve human-type receptor specificity that enables respiratory droplet
transmission in ferrets (31). Thus, the weak avidity for human-type receptors may contribute
to poor transmission by respiratory droplet in the ferret model (14-16, 18), and the lack of
sustained transmission in humans (7, 8).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Crystal structure of the HA from a human H7N9 virus (A/Shanghai/2/2013, Sh2). (A) HA
trimer is shown in cartoon representation. For one of the protomers, HA1 is colored in green
and HAZ in cyan. The other two protomers (B and C) of the trimer are in yellow and
magenta respectively. N-glycosylation sites and N-linked glycans are highlighted in sticks
and numbered at the Asn attachment site. (B) Human H7 HA has Leu226 in its receptor-
binding site. (C) Variation at the four HA positions that are known to mediate the switch in

receptor binding specificity for human H1, H2 and H3 pandemic viruses and the

corresponding sequences in H1, H2, H3 and H5 subtypes in avian viruses in comparison

with human H7N9.
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Fig. 2.

Receptor binding specificity of H7N9 HAs determined by plate-based glycan binding and
glycan microarray analyses. (A) ELISA plates coated with either a2-3 or a2-6 linked
SLNLN-PAA were probed with recombinant HAs produced in human kidney (HEK293S
GnTI") cells. The HAs were human H1N1 seasonal strain KY/07, or H7N9 Sh2 wild type
containing Leu (L) at position 226 and mutants at this position harboring lle (I) or GIn (Q).
Shown are data representative of three independent experiments, each done in triplicate,
with binding to a2-6 glycans in solid circles and a2-3 glycans in open squares. (B) The
same recombinant HA proteins were used for assessment of receptor binding specificity on a
glycan array. The mean signal and standard error were calculated from six independent
replicates on the array. a2-3 sialosides are shown in white bars (glycans #3-35), a2-6
sialosides in black (glycans #36-56), and stripped bars denoted mixed bi-antennary glycans
containing both a2-3 and a2-6 linked sialylated glycans (glycans #57, 58). Glycans
imprinted on the array are listed in table S3.
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Crystal structures of human Sh2 H7N9 HA in complex with receptor analogs. (A) Glycan
structures of four receptor analogs commonly used for structural study. The purple diamond
represents sialic acid (Sia), yellow circle represents galactose (Gal), blue squares represent
N-acetyl glucosamine (GIcNAC), and blue circle represents glucose (Glc). (B) Avian
receptor analog LSTa bound to human H7 HA. (C) Human receptor analog LSTc bound to
human H7 HA. (D) Avian receptor analog 3’-SLN bound to avian H7 HA (PDB entry
4DJ7). (E) Human receptor analog LSTc bound to human H2 HA (PDB entry 2WRY7).
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Fig. 4.

Crystal structures of human Sh2 H7N9 HA in complex with three avian-type receptor
glycans recognized in the glycan array. (A-C) Glycan compounds used for structural
determination. The glycan portion that could be built in the final model is highlighted by a
red dashed circle. The purple diamond represents sialic acid (Sia), yellow circle represents
galactose (Gal), and blue and yellow squares represent N-acetyl glucosamine (GIcNAc) and
N-acetyl galactosamine (GalNAc), respectively. (D) Sulfated glycan #3 bound to human
H7N9 HA. (E) Glycan #21 bound to human H7N9 HA. (F) Biantennary glycan #23 bound
to H7N9 HA using one of its two arms. (G) Superposition of glycan #23 (colored in purple),
glycan #21 (in blue) and glycan #3 (in green) in the HA receptor binding site. Glycans #21
and #23 share a similar mode of ligand recognition.
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Fig. 5.

Pr%ferential binding of human Sh2 H7N9 HA to avian-type a2-3-linked glycans is achieved
by flexible twisting of the glycan rings that create additional HA-glycan contacts away from
Leu226. (A) Superposition of glycan #3 (cyan) and 3’-SLN (grey, from PDB entry 4DJ7) in
the HA receptor binding site. (B) Superposition of glycan #21 (cyan) and 3’-SLN (grey) in
the HA receptor binding site. (C) The sulfo group of glycan #3 is located near the amide
nitrogen of Ser227 and within hydrogen bonding distance of Glu190. (D) Preferential
binding to glycan #21 is mediated by hydrophilic interactions between GIn222 and the
glycosidic linkage between GIcNAc-3 and GalNAc-4.
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