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ABSTRACT The emergence of the novel influenza A virus (IAV) H7N9 since 2013 has
caused concerns about the ability of the virus to spread between humans. Analysis
of the receptor-binding properties of the H7 protein of a human isolate revealed
modestly increased binding to �2,6 sialosides and reduced, but still dominant, bind-
ing to �2,3-linked sialic acids (SIAs) compared to a closely related avian H7N9 virus
from 2008. Here, we show that the corresponding N9 neuraminidases (NAs) display
equal enzymatic activities on a soluble monovalent substrate and similar substrate
specificities on a glycan array. In contrast, solid-phase activity and binding assays
demonstrated reduced specific activity and decreased binding of the novel N9 pro-
tein. Mutational analysis showed that these differences resulted from substitution
T401A in the 2nd SIA-binding site, indicating that substrate binding via this site en-
hances NA catalytic activity. Substitution T401A in the novel N9 protein appears to
functionally mimic the substitutions that are found in the 2nd SIA-binding site of NA
proteins of avian-derived IAVs that became human pandemic viruses. Our phyloge-
netic analyses show that substitution T401A occurred prior to substitutions in hem-
agglutinin (HA), causing the altered receptor-binding properties mentioned above.
Hence, in contrast to the widespread assumption that such changes in NA are ob-
tained only after acquisition of functional changes in HA, our data indicate that mu-
tations in the 2nd SIA-binding site may have enabled and even driven the acquisi-
tion of altered HA receptor-binding properties and may have contributed to the
spread of the novel H7N9 viruses.

IMPORTANCE Novel H7N9 IAVs continue to cause human infections and pose an
ongoing public health threat. Here, we show that their N9 proteins display reduced
binding to and lower enzymatic activity against multivalent substrates, resulting
from mutation of the 2nd sialic acid-binding site. This mutation preceded and may
have driven the selection of substitutions in H7 that modify H7 receptor-binding
properties. Of note, all animal IAVs that managed to cross the host species barrier
and became human viruses carry mutated 2nd sialic acid-binding sites. Screening of
animal IAVs to monitor their potential to cross the host species barrier should there-
fore focus not only on the HA protein, but also on the functional properties of NA.
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Influenza A viruses (IAVs) cause seasonal epidemics and occasional pandemics of
influenza and therefore pose a significant threat to public health and the economy

worldwide. Pandemics are caused by animal IAVs that managed to cross the host
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species barrier and gained the ability to transmit among humans (1). Since 2013,
human infections caused by avian-origin H7N9 IAVs have frequently been reported in
China, raising concerns about the pandemic threat of these viruses. Although sustained
human-to-human transmission has not yet been reported, the novel H7N9 viruses
acquired amino acid changes associated with adaptation to human receptor binding
and transmission in prior pandemics (2, 3) and appear to transmit from birds to humans
more readily than other avian IAVs. In addition, human infections with H7N9 IAVs have
a high mortality rate (up to 35%), in part because protective antibodies against the
viruses are lacking in humans (4, 5).

IAVs are enveloped, negative-strand RNA viruses that contain two main surface
glycoproteins, hemagglutinin (HA) and neuraminidase (NA) (6). HA binds to sialic acid
(SIA)-containing receptors on the host cell and triggers fusion of the viral envelope with
the endosomal membrane. The NA protein has receptor-destroying activity and, by
cleavage of SIAs from glycans, contributes to the release of (progeny) viruses from the
host cell surface, as well as from nonfunctional decoy receptors (7, 8). Based on
antigenic and genetic properties of these two surface glycoproteins, IAVs are divided
into different subtypes. So far, 16 HA (H1 to H16) and 9 NA (N1 to N9) subtypes have
been found in wild aquatic birds, which are regarded as the natural reservoir of IAVs (9).

The receptor-binding specificity of the HA protein is a major determinant of IAV host
range. While avian IAVs generally prefer binding to �2,3-linked sialosides, human
viruses preferentially bind to glycans containing �2,6-linked SIAs (10). Analysis of the
receptor-binding properties of the novel H7N9 viruses indicated a dual receptor
specificity when complete viruses were used (2, 5, 11, 12). The use of recombinant
soluble HA proteins indicated that the novel H7 protein prefers binding to avian-type
receptors (�2,3-linked sialosides) while also displaying weak binding to human-type
receptors (�2,6-linked sialosides) (2, 13–15). Binding to avian-type receptors was re-
duced, however, in comparison to ancestral avian H7 viruses (15). Mutational analysis
showed that substitutions at positions 186 and 226 were largely responsible for the
observed altered receptor-binding properties of the novel H7 protein (15).

The balance between the HA and NA activities is considered critical for IAV repli-
cation and transmissibility. Changes in the receptor-binding properties of the HA
protein are often accompanied by changes in the enzymatic properties of NA (16, 17).
The type II transmembrane NA protein forms a homotetramer with each NA monomer,
consisting of a globular head domain, a thin stalk of variable length, a hydrophobic
transmembrane domain (TMD), and a short N-terminal cytoplasmic tail. The NA head
domain contains the active site, composed of highly conserved catalytic and structural
residues that either directly contact the SIA or stabilize the catalytic residues (6, 18, 19).
In contrast to the detailed knowledge on the receptor-binding specificity of the HA
protein, little is known about the cleavage specificity of the NA protein compared to the
receptor-binding properties of the HA protein. In general, it seems that NA proteins
from both avian and human viruses prefer cleavage of �2,3 over �2,6 SIAs, although
this difference appears smaller for the NA of human IAVs (20–22). However, in most
studies, cleavage of only a very limited number of synthetic glycans was analyzed.

The NA proteins of several avian IAVs (N1, N2, and N9) have been shown to display
hemadsorption activity (23–26), which was attributed to the presence of a 2nd SIA-
binding site. For N9, X-ray crystallography (27) revealed that the 2nd SIA-binding site is
a shallow pocket composed of three surface peptide loops, located adjacent to the
catalytic site. The presence of a 2nd SIA-binding site in N1 was also demonstrated using
saturation transfer difference (STD) nuclear magnetic resonance (NMR) spectroscopy
(28). By both hemadsorption assays and STD NMR, it was shown that N1 and N2
proteins of swine and human IAVs display severely reduced binding compared to their
avian counterparts (26, 28). Sequence analysis indicated that five out of six SIA contact
residues in the N9 2nd SIA-binding site are highly conserved across all avian NA
genotypes. This conservation is lost in human N1 and N2 genotypes, in agreement with
the �100-fold-reduced hemadsorption activity reported for their NAs (17, 26, 29). The
biological significance of the 2nd SIA-binding site in avian NAs remains elusive, and
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essentially nothing is known about its SIA-binding specificity. It has been suggested
that the site may serve to enhance the catalytic efficiency of NA, as changes in
hemadsorption activity of N2 were correlated with changes in the ability of N2 to cleave
SIA from multivalent, but not monovalent, substrates (26).

Previously, we compared the HA receptor-binding properties of a human isolate of
the novel H7N9 virus isolated in 2013 with those of a closely related avian H7N9 virus
from 2008. In line with the results obtained by others (13, 14), the H7 of the novel H7N9
virus displayed modestly increased binding to �2,6 sialosides and reduced, but still
dominant, binding to �2,3-linked SIAs compared to the H7N9 virus from 2008 (15). In
the present study, we analyzed the enzymatic activities and binding properties of the
corresponding N9 proteins of these H7N9 viruses. After optimizing the recombinant
protein expression approach for NA, we analyzed the enzymatic activities of the N9
proteins using monovalent and multivalent substrates. The results indicate that the
two N9 proteins display equal specific activities on the monovalent substrate 2=-(4-
methylumbelliferyl)-�-D-N-acetylneuraminic acid (MUNANA) and similar substrate spec-
ificities, as revealed by glycan array analysis. In addition, glycan array analysis was for
the first time used to determine the binding specificity of the 2nd SIA-binding site.
Binding and substrate specificity, as revealed by glycan array analyses, were shown to
correlate well for the avian N9 protein from 2008. The novel N9 protein displayed
reduced binding to and enzymatic activity against multivalent substrates. Mutational
analysis, involving loss- and gain-of-function NA phenotypes, attributed these differ-
ences to a T401A substitution in the 2nd SIA-binding site. Phylogenetic analysis
indicated this substitution was unique to the novel H7N9 viruses. Remarkably, the
T401A mutation in NA preceded the mutations found in H7 at positions 186 and 226,
which are essential for the altered receptor-binding properties of the virus, indicating
that mutations in the 2nd SIA-binding site may have enabled the acquisition of altered
receptor-binding properties of HA.

RESULTS
Comparison of enzymatic activities of different recombinant soluble N9 con-

structs. Previously, we compared the HA receptor-binding properties of a novel H7N9
virus isolated from a human patient in 2013 (A/Anhui/1/2013, referred to as “Anhui”)
with those of a closely related avian H7N9 virus from 2008 (A/Anas crecca/Spain/1460/
2008, referred to as “Spain”) (15). In the same study, we also made a preliminary
comparison of the enzymatic properties of the corresponding N9 proteins. Detailed
analysis of the N9 proteins was precluded, however, by the low expression levels and
activities of the recombinant soluble N9 proteins. These proteins consisted of the NA
head domain (residues 76 to 469 of the N9 protein) N-terminally extended with a
GCN4-pLI tetramerization domain (15) (referred to in this study as GCN4-N9head) (Fig.
1A). However, the NA stalk domain may contribute to correct folding (30) and affect
enzymatic activity (31, 32). Therefore, we constructed novel expression vectors encod-
ing N9 protein head domains extended with their stalk sequences (Fig. 1A) (starting
with residue 42, referred to as GCN4-N9). The GCN4-N9 proteins migrated, as expected,
at a higher position in the gel than the GCN4-N9head proteins lacking the stalk domain
(Fig. 1B) and displayed 2- to 3-fold higher expression levels. Importantly, in the
MUNANA assay, the GCN4-N9 proteins displayed much higher specific activity than the
GCN4-N9head proteins (Fig. 1C). We previously showed that replacing GCN4-pLI with a
tetrabrachion tetramerization domain also resulted in NA proteins with higher specific
activity (31), and therefore, we made N9 constructs with such a tetrabrachion domain.
The resulting proteins (referred to as TE-N9) displayed the expected electrophoretic
mobility (Fig. 1B) and higher specific activity than the GCN4-N9 proteins (Fig. 1C).
Specific activities for MUNANA were similar for the N9 Anhui and Spain proteins. TE-N9
proteins displaying the highest specific activity were used in all subsequent analyses.

Enzymatic activity of the TE-NA N9 proteins with multivalent substrates. Next,
we analyzed the enzymatic activities of the TE-N9 Anhui and Spain proteins on
multivalent, surface-coated fetuin and transferrin glycoprotein substrates, which
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better resemble the multivalent in vivo substrates of NA than the soluble monova-
lent MUNANA substrate. Fetuin contains mono-, bi-, and triantennary glycans with
�2,3- and �2,6-linked SIAs in a 2:1 ratio (33). Transferrin contains two biantennary
N-linked glycan chains with only �2,6-linked SIAs (34, 35), which was confirmed (data
not shown) by linkage-type-specific enzyme-linked lectin-binding assays (ELLA). Fetuin-
and transferrin-coated 96-well plates were incubated with serially diluted TE-NA pro-
teins, after which the resulting cleavage of SIAs was quantified by probing the 96-well
plates with lectins with different binding specificities. Erythrina crista-galli lectin (ECA)
specifically recognizes glycans containing terminal Gal�1-4GlcNAc, which generally
correspond to desialylated N-linked sugars (36), while peanut agglutinin (PNA) binds to
terminal Gal�1-3GalNAc, corresponding to desialylated O-linked sugars (37). Maackia
amurensis lectin I (MAL I) and Sambucus nigra lectin (SNA) specifically bind �2,3- or
�2,6-linked SIAs, respectively (38, 39). From the resulting curves, the specific activities
(activity per amount of protein) of the TE-N9 proteins were determined for each

FIG 1 Optimization of the recombinant soluble N9 expression approach. (A) Schematic representation of
the recombinant soluble N9 proteins. GCN4-N9head contains the NA head, the GCN4 tetramerization
domain (GCN4), and a cleavable signal sequence (SS). The GCN4-N9 construct contains the head and stalk
regions fused with GCN4 and a signal sequence. TE-N9 proteins have a schematic structure similar to that
of GCN4-N9 but carry a tetrabrachion (TE) instead of the GCN4 domain. (B) Expression of the different
versions of the N9 Spain and Anhui proteins in HEK293T cells was analyzed by SDS-PAGE, followed by
Western blotting. The positions on the gel of the relevant molecular mass marker proteins are shown. (C)
Specific activities of the different N9 Spain and Anhui proteins using the MUNANA substrate normalized
to that of TE-N9 Spain. The means of the results of three independent experiments performed in triplicate
are graphed. The error bars indicate standard deviations.
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glycoprotein-lectin combination, as indicated in Materials and Methods, and plotted
relative to the specific activity determined for fetuin-ECA. Both TE-N9 proteins displayed
higher specific activity when fetuin was used as a substrate than with transferrin (Fig.
2A and B). This substrate preference corresponds to both proteins preferring cleavage
of �2,3-linked (determined with fetuin-MAL I) over �2,6-linked (determined with fetuin-
SNA and transferrin-SNA) SIAs (Fig. 2A and B). Potential fine specificity was investigated
in detail by assessing cleavage of SIA from a large number of sialylated glycans on a
glycan array. Cleavage of SIAs was quantified by binding of fluorescently labeled ECA.
The results (Fig. 2C and D; see Table S1 in the supplemental material) indicated that
both TE-N9 proteins prefer cleavage of �2,3- over �2,6-linked sialosides. Bi- and
triantennary glycans containing multiple LacNAc repeats were most efficiently cleaved,
although this observation may partly reflect the high affinity of ECA for such glycans
(36). The TE-N9 Anhui protein was less active than the TE-N9 Spain protein in the glycan
array analysis. Direct comparison of the specific activities on fetuin and transferrin
revealed that the TE-N9 Spain protein indeed had higher specific activity than the TE-N9
Anhui protein (Fig. 2E and F). In summary, we conclude that the N9 Spain and Anhui
proteins display similar cleavage specificities. Furthermore, although the two proteins
do not differ in their specific activities when using a monovalent soluble MUNANA
substrate, the N9 Spain protein has a higher specific activity than the N9 Anhui protein
when substrates are presented in a multivalent manner.

Binding of N9 proteins to sialosides. Mutations in the 2nd SIA-binding site of N2,
which resulted in severely reduced hemadsorption activity, were previously shown to
affect the catalytic efficiency of NA against multivalent, but not monovalent, substrates
(26). Differences in specific activities for multivalent substrates of the two N9 proteins
(which have similar specific activities for monovalent MUNANA) may therefore be
caused by differences in their abilities to bind to multivalent substrates. To test this
hypothesis, the TE-N9 proteins were subjected to different glycoprotein binding assays,
similar to what has been performed previously for different HA proteins (15, 40). The
results show that the TE-N9 proteins indeed differ in their abilities to bind fetuin, with
the Spain and Anhui proteins displaying efficient and negligible binding, respectively
(Fig. 3A and B) in the presence of the NA inhibitor oseltamivir carboxylate (OsC). OsC
occupies the NA active site, inhibits NA activity, and prevents binding of substrates via
the active site. No binding was observed without OsC or when desialylated fetuin was
used (data not shown). As positive controls, the H7 Spain and Anhui proteins were
taken along with N9 Spain and Anhui proteins for binding assays. In agreement with
previous results (15), the H7 Anhui protein bound fetuin with lower avidity than the H7
Spain protein. Similar differences between the H7 and N9 proteins were observed in a
hemagglutination assay (Fig. 3C). The binding specificities of the N9 proteins were
studied in more detail using glycan array analysis. The N9 Spain protein displayed
efficient binding to a large number of �2,3-linked sialosides and weak or no binding to
�2,6-linked sialosides. Glycan structures lacking SIAs did not bind (Fig. 4A; see Table S1
in the supplemental material). Glycans that were efficiently bound by N9 were also
efficiently cleaved (Fig. 4C). In agreement with the fetuin-binding and hemagglutina-
tion assay, little binding, if any, was observed for the N9 Anhui protein (Fig. 4B; see
Table S1 in the supplemental material).

Sequence and structural analysis of N9 proteins. Protein sequence alignment
showed that the Anhui and Spain N9 proteins differ at only 8 amino acid positions, in
addition to a small deletion of 5 amino acids in the stalk (Fig. 5A). None of these
changes were located in or directly adjacent to the enzyme active site in the three-
dimensional (3D) structure (Fig. 5B). However, Thr401 (N2 numbering) is part of a loop
(residues 399 to 403, shown in green) that forms an H bond via Asn400 with SIA bound
to the 2nd SIA-binding site (Fig. 5B to D) and provides a crucial stacking interaction
between the SIA 5-N-methyl group and the aromatic side chain of Trp403. Thr401 is not
in direct contact with the bound SIA, but replacement of Thr401 by Ala401 in N9 Anhui
results in loss of a water-mediated hydrogen bond to Asp402. Loss of this interaction
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FIG 2 Specific activities and cleavage specificities of the N9 proteins. (A) Specific activity of TE-N9 Spain as
determined by ELLA using different glycoprotein-lectin combinations normalized to that of fetuin-ECA. (B)
Specific activity of TE-N9 Anhui as determined by ELLA using different glycoprotein-lectin combinations
normalized to that of fetuin-ECA. (C and D) Glycan array analysis of the cleavage specificities of N9 Spain (C)
and Anhui (D). Desialylation of the glycans was detected by ECA binding. The colors of the bars correspond
to the types of SIA. The numbers correspond to the numbers in Table S1 in the supplemental material. Glycans
that were bound by ECA without NA treatment were excluded from the analysis (nonsialylated glycans 1 to
10). Desialylated glycan structures that cannot be bound by ECA were also excluded from the analysis; upon
desialylation, these glycans contain terminal Gal�1-3GlcNAc (glycans 15, 21 to 23, and 51), Gal�1-3GalNAc
(glycans 24, 25, and 31), Gal�1-4Glc (glycans 16, 70, 71, and 82), GalNAc�1-4Gal (glycans 20 and 86),
6S-Gal�1-4GlcNAc (glycans 13 and 14), or Gal�1-4GlcNAc with GlcNAc fucosylated (glycans 12, 14, and 72 to
79). The glycan array values shown are the means and standard errors of 6 glycan spot intensities, while the
error bars indicate standard errors of the mean (SEM). (E and F) Specific activities of TE-N9 Spain and Anhui
as determined by ELLA using fetuin (E) or transferrin (F) in combination with ECA normalized to that of TE-N9
Spain. The means of the results of three or four independent experiments performed in duplicate/triplicate
are shown for the ELLA. Standard deviations are indicated. Significant differences were determined using the
Student t test: ***, P � 0.001; ****, P � 0.0001.
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may increase the flexibility and possibly affect local folding of the 2nd SIA-binding site
and thereby reduce binding to SIA.

The residue at position 401 is largely responsible for the different N9 proper-
ties. To determine whether Thr401 in the 2nd SIA-binding site is important for binding
to and cleavage of multivalent substrates, the T401A and the A401T mutations were
introduced into the Spain and Anhui N9 proteins, respectively. The wild-type and
mutant proteins were subsequently subjected to different binding assays. Mutation of
the residue at position 401 either abolished (Spain-T401A) or established (Anhui-A401T)
binding of the N9 proteins to fetuin (Fig. 6A) and to red blood cells (Fig. 6B). Similarly,
the T401A substitution in the Spain N9 protein decreased binding, as determined by
glycan array analysis, while the reciprocal effect was observed for the A401T mutation
in the Anhui protein (Fig. 6C and D; see Table S1 in the supplemental material). Next,
we analyzed the enzymatic activities of the mutant N9 proteins. Mutation of the residue
at position 401 had no effect on the specific activity using the monovalent MUNANA
substrate (Fig. 6E), nor did it change the cleavage specificity (see Table S1 in the
supplemental material). This is in agreement with the Anhui and Spain proteins
displaying similar substrate specificities and specific activities using MUNANA. However,
in agreement with the binding assay results, the introduction of substitution T401A in
the Spain N9 protein decreased the specific activity when using the multivalent fetuin
substrate. The reciprocal effect was observed after introduction of the A401T substitu-
tion in the Anhui protein (Fig. 6F to H). Thus, the ability of N9 proteins to cleave SIAs
from fetuin corresponds to their binding avidities to the glycoprotein. These differences
could be largely attributed to the residue at position 401 in the 2nd SIA-binding site.

Phylogenetic analysis of N9 proteins. To get more insight into the evolutionary
history of the N9 and H7 proteins of the novel H7N9 viruses, phylogenetic analyses
were performed (Fig. 7 and 8 and Table 1). The results indicate that the T401A mutation
in N9 is unique to the novel H7N9 viruses and occurs at the root of the novel H7N9
clade, after which it is strictly conserved (Fig. 7). The T401A mutation preceded a small,
5-amino-acid deletion in the stalk, which has been described previously as being
characteristic of the novel H7N9 viruses (41) (Table 1). The phylogenetic analyses,
furthermore, indicate that only after the acquisition of these NA mutations are the
substitutions in H7 at positions 186 and 226, which are associated with the altered
receptor-binding properties of these viruses (15), observed (Fig. 8 and Table 1).

DISCUSSION

Compared to its well-studied functional counterpart HA, much less is known about
the binding and cleavage properties of the IAV NA protein. In the present study, the
detailed binding properties of the 2nd SIA-binding site of IAV NA were analyzed in

FIG 3 Binding properties of recombinant soluble N9 proteins. (A) Limiting dilutions of soluble H7 or N9 proteins complexed with HRP-conjugated antibodies
were applied in a fetuin-binding assay; 1 �M OsC was added to the NA samples to inhibit NA catalytic activity. The optical density at 450 nm corresponds to
binding of the indicated proteins to fetuin. The results of a representative experiment are shown. (B) Curves, similar to those shown in panel A, of the results
of three independent experiments were used to determine the amount of HA or NA protein corresponding to half-maximum binding. The inverse of this
amount is a measure of the relative binding avidity and was normalized to that of H7 Spain. (C) Hemagglutination titers of antibody-complexed recombinant
soluble H7 and N9 proteins. The means of the results of three independent experiments performed in duplicate are shown. Standard deviations are indicated.
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correlation with NA cleavage properties for the first time, using glycan array analyses.
Our study establishes the functional significance of the 2nd SIA-binding site, which has
long remained underappreciated. Analysis of N9 proteins of the novel H7N9 IAVs that
have been infecting humans since 2013 allowed us to directly correlate NA cleavage
with NA binding via the 2nd SIA-binding site. Substrate binding via this site clearly
enhances NA catalytic efficiency against the same substrate. A single T401A mutation
in the NA 2nd SIA-binding site of novel H7N9 viruses, which reduced binding to and
cleavage of multivalent substrates, appears to functionally mimic the substitutions that
are found in the 2nd SIA-binding site of NA proteins of IAVs that managed to cross the
host species barrier to become human viruses (20, 26, 42). However, in contrast to the
widespread assumption that such changes in NA are obtained only after acquisition of
functional changes in HA, our phylogenetic analyses indicated that the T401A substi-

FIG 4 N9 binding specificity determined by glycan array assay. (A and B) Glycan array analysis of the
binding specificities of N9 Spain (A) and Anhui (B) in the presence of 1 �M OsC. In addition, binding to
nonsialylated glycans was evaluated (glycans 1 to 10). The glycan array values shown are the means and
standard errors of 6 glycan spot intensities, the error bars indicate SEM. (C) Scatterplot of binding to and
cleavage of glycans on the array by N9 Spain. Pearson correlation coefficients (r) and the corresponding
P values are indicated for each of the sialoside types. The numbers correspond to those in Table S1 in
the supplemental material. RFU, relative fluorescent units.
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tution in N9 occurred prior to substitutions in HA causing the altered receptor-binding
properties of novel H7N9 viruses. Possibly, the initial functional changes in the N9
protein have subsequently enabled the acquisition of altered receptor-binding prop-
erties of the H7 protein and may contribute, in addition to the mutations found in HA,
to the spread and the increased ability of the virus to infect humans in comparison to
other avian viruses.

The presence of a 2nd SIA-binding site in NA was already demonstrated in the 1980s
using hemadsorption assays (23–25). Direct experimental evidence for the presence of
this site was obtained decades later by X-ray crystallography (27) and STD NMR (28), but

FIG 5 Sequence and structural analysis of the N9 proteins. (A) Schematic representation of the residues
that differ between the recombinant soluble N9 Spain and Anhui proteins. Two residues are located in
the NA stalk domain, while another 6 residues are located in the NA head domain. The 5-amino-acid NA
stalk deletion observed in N9 Anhui is indicated by the green rectangle. (B) Crystal structure of N9 from
A/tern/Australia/G70C/75 in complex with Neu5Ac (Protein Data Bank [PDB] accession no. 1MWE) (27)
depicted using PyMol software. Top and bottom views are shown. The NA active site (6) and the residues
in the 2nd SIA-binding site that have direct interaction with SIA (27) are colored red and blue,
respectively. The Neu5Ac moieties in these sites are shown as sticks. Residues that differ between N9
Spain and Anhui in the NA head region are colored yellow. The residues that differ in the stalk region are
not indicated, as the structure of this part of NA is not solved. (C) Crystal structure of the secondary
receptor-binding site of NA in complex with Neu5Ac (PDB accession no. 1MWE). NA and Neu5Ac are
shown as sticks (oxygen in red, nitrogen in blue, and carbon in gray or green [for NA] or cyan [for
Neu5Ac]), and water molecules are shown as red spheres and hydrogen bonds as dashed orange lines.
The image was made using PyMOL. (D) Sequence alignment of the three loops that form the 2nd
SIA-binding site and surrounding residues of the Anhui and Spain N9 proteins. Residues in the 2nd
SIA-binding site that have direct interaction with SIA are shaded in blue. The residue at position 401 that
differs between the Spain and Anhui N9 proteins is shaded in yellow. The N2 numbering of some
residues is indicated.
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FIG 6 Effects of substitutions at position 401 on N9 binding and enzymatic activity. (A to D) Binding
properties of wild-type N9 proteins, as well as their counterparts with substitutions at position 401,

(Continued on next page)
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detailed analysis of its binding specificity was lacking. By using glycan array analysis, we
now show that the N9 protein of an avian IAV prefers binding to �2,3-linked sialosides,
particularly the bi- and triantennary glycans with multiple LacNAc repeats. No binding
was observed to �2,6-linked sialosides. In contrast, the 2nd SIA-binding site of a cell
surface-expressed N2 protein was shown to enable binding to red blood cells that had
been resialylated using either �2,3 or �2,6 sialyltransferases with approximately equal
efficiency (26). Whether this difference reflects different binding specificities for the N2
and N9 proteins or resulted from the different experimental setups remains to be
determined.

The biological function of the NA 2nd SIA-binding site has long remained elusive.
Only a single study showed that the ability of NA to bind red blood cells corresponded
to the cleavage efficiencies of other multivalent substrates (26). We now directly show
that substrate binding via the 2nd SIA-binding site enhances NA catalytic efficiency
against the same substrate. The 2nd SIA-binding site, which is adjacent to the actual NA
active site, may enhance the catalytic efficiency of NA by recruiting and keeping
multivalent sialosides close to the active site (26, 43). Enhancement of catalytic effi-
ciency resulting from catalytic and carbohydrate-binding domains interacting simulta-
neously with a polyvalent substrate appears to be a general feature of most glycoside
hydrolases, as most of these enzymes have been shown to contain lectin domains,
including eukaryotic and bacterial NA proteins (44), as well as other viral-receptor-
destroying enzymes (45, 46).

The presence of a 2nd SIA-binding site provides IAV with an additional, potentially
more subtle option to modulate the catalytic efficacy of its NA protein by circumvent-
ing the necessity for mutation of the highly conserved key residues in the NA catalytic
site. This mechanism may allow IAV to readily achieve an optimal HA-NA balance when
adapting to a novel receptor repertoire upon infection of a novel host species and/or
when coping with HAs with altered receptor-binding properties. For example, the
emergence of pandemic human IAVs was accompanied not only by the well-known
changes in the receptor-binding properties of the HA proteins, but also by changes in
the NA 2nd SIA-binding site, which decrease hemadsorption activity (17). We now show
that modulation of the NA catalytic activity via mutation of the 2nd SIA-binding site
may also be observed for avian IAVs. The decreased ability of the N9 protein of novel
H7N9 IAV to bind and cleave sialosides correlates well with the low receptor-binding
avidity of the corresponding HA protein (15). Moreover, the substitution at position 401
shows that substrate binding via the 2nd SIA-binding site may be modulated by
mutation of residues in the 2nd SIA-binding site other than those that directly contact
the SIA moiety. It will be of interest to study the effects of other substitutions in NA
proteins of avian viruses at positions neighboring the highly conserved SIA contact
residues in the 2nd SIA-binding site.

Decreased receptor binding of the N9 protein of the novel H7N9 viruses is another
property in which the virus appears to resemble (early) human viruses, besides its
decreased and modestly increased HA binding to avian- and human-type receptors,
respectively. However, in contrast to the widespread assumption that such changes in
NA are obtained only after acquisition of functional changes in HA, our phylogenetic
analyses indicate that the T401A substitution in the 2nd SIA-binding site was obtained

FIG 6 Legend (Continued)
determined by fetuin-binding (A), hemagglutination (B), and glycan array (C and D) assays in the
presence of 1 �M OsC similarly to what was described in the legends to Fig. 3 and 4. Only binding to
nonsialylated (glycans 1 to 10) and �2,3-SIA (glycans11 to 79) glycans is shown. The glycan array
values shown are the means and standard errors of 6 glycan spot intensities. (E to H) Specific
activities of N9 and mutant proteins determined by MUNANA assay (E) or by ELLA using fetuin in
combination with different lectins (ECA [F], PNA [G], and MAL I [H]) normalized to that of N9 Spain.
The means of the results of three or four independent experiments performed in duplicate/triplicate
are shown for the fetuin-binding and hemagglutination assays and ELLA. Standard deviations are
indicated. Significant differences between wild-type proteins and their mutants as determined by
Student t test are indicated: **, P � 0.01; ***, P � 0.001; ****, P � 0.0001.
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prior to the acquisition of mutations in H7 (at position 186 and 226) that are responsible
for the altered receptor-binding properties (2, 15). The T401A mutation in NA, possibly
in combination with the small stalk deletion, may therefore have allowed and even
have driven these altered HA properties to restore the balance between HA and NA.
Although it is not clear why and in which animal species these mutations in NA and HA
were selected, it seems plausible that they have contributed to the wide spread of the
novel H7N9 viruses and to the relatively high ability of these avian viruses to infect
humans. In view of our results, genotypic and phenotypic screening of animal IAVs to
monitor their potential to cross the host species barrier should focus not only on the

FIG 7 Phylogenetic analysis of N9 proteins derived from HxN9 and novel H7N9 viruses. An N9 protein tree was constructed as described in
Materials and Methods. Key residues that differ between different branches are indicated. The N9 protein tree is rooted by the A/Anas
crecca/Spain/1460/2008 isolate (N9 Spain). The two N9 proteins (N9 Anhui and Spain) that were compared in the present study are boxed in red.
The mutation at position 401 and the deletion in the stalk are boxed in green.
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HA protein, but also on the catalytic properties of NA using the appropriate multivalent
substrates.

MATERIALS AND METHODS
Genes, expression vectors, and protein expression and purification. Expression constructs of the

recombinant soluble H7 and N9 proteins of A/Anhui/1/2013 (GISAID isolate EPI439507, referred to as H7
Anhui and N9 Anhui) and of A/Anas crecca/Spain/1460/2008 (GenBank accession no. CAY39406 and
HQ244409.1, referred to as H7 Spain and N9 Spain) have been described previously (15). In these N9
expression constructs, sequences encoding the NA head domain (amino acids 76 to 470) of N9 Anhui and
N9 Spain were preceded by sequences encoding a CD5 N-terminal signal sequence, a double Strep tag
for purification (One-STrEP; IBA GmbH), and a GCN4-pLI (47) tetramerization domain (referred to as
GCN4-NAhead). The NA ectodomain-encoding sequences in the construct were extended with sequences
encoding the stalk domain (starting at residue 42) by insertion of a primer dimer and cloned into a pFRT
expression plasmid (Thermo Fisher Scientific) downstream of sequences encoding the signal peptide of
Gaussia luciferase and GCN4-pLI (referred to as GCN4-NA) (31). Finally, the GCN4-pLI tetramerization
domain was exchanged with the Staphylothermus marinus tetrabrachion tetramerization domain (31, 48)
(referred to as TE-NA). Mutations of interest were introduced into the corresponding NA genes by using
the Q5 site-directed mutagenesis kit (NEB) and confirmed by sequencing. HA and NA expression
plasmids were transfected into HEK293T cells (ATCC), and recombinant soluble NA or HA proteins were
purified from the cell culture supernatants using Strep-tactin beads (IBA) as described previously (40).

FIG 8 Phylogenetic analysis of HA proteins derived from H7Nx and novel H7N9 viruses. An H7 protein tree was constructed as described in
Materials and Methods. Key residues that differ between different branches are indicated. The H7 protein tree is rooted by the A/Anas
crecca/Spain/1460/2008 isolate (H7 Spain). The two H7 proteins (H7 Anhui and Spain) corresponding to the N9 proteins that were compared in
the present study are boxed in red. The mutations at positions 186 and 226 that are responsible for the altered receptor-binding properties of
the H7 Anhui protein are boxed in green.
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Quantification of the purified proteins was performed by comparative Coomassie gel staining using
standard bovine serum albumin (BSA) samples (Sigma-Aldrich) with known concentrations as a reference.

NA enzymatic assays. Purified N9 proteins were assayed for the ability to cleave different substrates.
The activity of N9 proteins toward the synthetic monovalent substrate MUNANA (Sigma-Aldrich) was
determined by using a fluorometric assay similarly to what was described previously (31) with a Fluostar
Optima plate reader (BMG Labtech, Mornington, Australia) with excitation and emission wavelengths at
340 and 490 nm, respectively. The activities of the NA proteins toward multivalent glycoprotein
substrates were analyzed using a previously described ELLA (49) with some modifications. In brief, 2.5
�g/ml fetuin-coated or 25 �g/ml transferrin-coated (both from Sigma-Aldrich) 96-well Nunc MaxiSorp
plates were incubated with serial dilutions of recombinant soluble NA proteins in reaction buffer (50 mM
Tris-HCl, 4 mM CaCl2, pH 6.0). After overnight incubation at 37°C, the plates were washed and incubated
with either biotinylated ECA (1.25 �g/ml; Vector Laboratories), biotinylated PNA (2.5 �g/ml; Galab
Technologies), biotinylated SNA (1.25 �g/ml; Vector Laboratories), or biotinylated MAL I (2.5 �g/ml;
Vector Laboratories). The binding of ECA, PNA, SNA, and MAL I was detected using horseradish
peroxidase (HRP)-conjugated streptavidin (Thermo Fisher Scientific) and tetramethylbenzidine substrate
(TMB) (BioFX) in an enzyme-linked immunosorbent assay (ELISA) reader (EL-808; BioTek) reading the
optical density (OD) at 450 nm. For both the MUNANA assay and the ELLA, the data were fitted by
nonlinear regression using Prism 6.05 software (GraphPad). The resulting curves were used to determine
the amount of NA protein corresponding to half-maximum lectin binding. The inverse of this amount is
a measure of specific activity (activity per amount of protein) and was graphed relative to other NA
proteins or substrate-lectin combinations. In a similar way, the specific activity for MUNANA was
determined. The mean values of 2 to 4 experiments, with independently generated protein preparations,
were graphed. Analysis of the enzymatic specificity of the NA proteins using glycan array analysis was
performed as described previously (50). In short, glycan arrays were treated with 20 �g/ml NA protein
for 2 h at 37°C, after which the arrays were analyzed for binding with biotinylated ECA (10 �g/ml; Vector
Laboratories). Binding of ECA was detected using Alexa Fluor 555-labeled streptavidin (2 �g/ml;
Invitrogen). The glycan array values shown are the means and standard errors of 6 glycan spot intensities.

HA and NA binding assays. The binding abilities of HA and N9 proteins were analyzed using fetuin
solid-phase binding and hemagglutination assays similarly to what was described previously (40, 51). In
brief, 4 �g of purified, soluble trimeric H7 and tetrameric N9 proteins was precomplexed with HRP-
conjugated anti-Strep tag mouse antibody (IBA) and with HRP-linked anti-mouse IgG (Dako) in a 4:2:1
molar ratio on ice for half an hour prior to incubation of limiting dilutions on the fetuin-coated (50 �g/ml)
or asialofetuin-coated (50 �g/ml; Sigma-Aldrich) 96-well Nunc MaxiSorp plates at 4°C for 2 h. OsC (1 �M;
a kind gift from Roche) was added to the N9 protein mixtures in order to inhibit NA enzymatic activity.
This concentration is �1,000-fold higher than the OsC 50% inhibitory concentration (IC50) values, which
are similar for the different N9 proteins. HA and N9 binding was detected using TMB (BioFX) in an EL-808
ELISA reader (BioTek) reading the OD at 450 nm. The hemagglutination assay was performed as
described previously (40). In brief, 2-fold dilutions of the HA or NA antibody complexes described above
were incubated with 0.5% chicken erythrocytes for 2 h at 4°C in the presence or absence of 1 �M OsC,
with a starting concentration of 40 �g/ml. The glycoprotein binding and hemagglutination assays were
performed at least twice in duplicate. The mean values of the results of these experiments were graphed.
Binding of the NA proteins to the glycan arrays, containing 135 glycans reported previously (52–54), was

TABLE 1 Occurrence of key residues in H7 and N9 proteins

Influenza A virus

N9 protein H7 protein

401 �69–73a 186 226

H7Nx and HxN9 prior to 2013b T � G Q
A/Anas crecca/Spain/1460/2008 T � G Q
A/Shanghai/05/2013 A � G Q
A/Shanghai/JS01/2013 A � G Q
A/Shanghai/1/2013 A � G Q
A/Shanghai/1b/2013 A � G Q
A/chicken/Zheijang/SD007/2013 A � V Q
A/chicken/Shanghai/S1410/2013 A � V Q
A/pigeon/Wuxi/0405007/2013 A � V Q
A/environment/Guangdong/30/2013 A � V Q
A/Bejing/1/2013 A � V L
A/Nanjing/1/2013 A � V L
A/environment/Guangdong/25/2013 A � V L
A/Anhui/1/2013 A � V L
A/chicken/Dongguan/748/2014 A � V L
A/Fujian/9/2015 A � V L
A/Hong Kong/VB16021618/2016 A � V L
aΔ69 –73 indicates a deletion of 5 amino acids in the NA stalk. � and � indicate the absence or presence,
respectively, of the deletion.

bThe only exception is the N9 protein of A/Zheijang/LS02/2012 H11N9, which also contains the 5-amino-acid
(Δ69 –73) deletion in the NA stalk.
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determined similarly to what was described previously for HA proteins (51). N9 proteins (50 �g/ml) were
precomplexed with anti-Strep tag mouse antibody (25 �g/ml; IBA) and Alexa Fluor 647-linked anti-
mouse IgG (12.5 �g/ml; Invitrogen) similarly to what was described above before their application to the
array. The glycan array values shown are the means and standard errors of 6 glycan spot intensities.

Statistical analysis. All statistical analyses were performed by two-tailed t test using Prism 6.05
software.

Phylogenetic analysis. All full-length and unique H7 and N9 protein sequences of avian viruses and
of the novel H7N9 viruses were downloaded from the GenBank and GISAID databases. H7 and N9 protein
trees were constructed by using the PHYLIP neighbor-joining algorithm with the F84 distance matrix.
This tree was used as a guide tree to select H7 and N9 sequences representing all main branches of the
tree. The selected H7 and N9 proteins were used to construct a summary tree with topology similar to
that of the guide tree. The H7 and N9 protein trees were rooted by the A/Anas crecca/Spain/1460/2008
isolate.

SUPPLEMENTAL MATERIAL
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