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SUMMARY

Adaptation of influenza A viruses to new hosts are
rare events but are the basis for emergence of new
influenza pandemics in the human population. Thus,
understanding the processes involved in such events
is critical for anticipating potential pandemic threats.
In 2013, the first case of human infection by an avian
H10N8 virus was reported, yet the H10 hemagglutinin
(HA) maintains avian receptor specificity. However,
the 150-loop of H10 HA, as well as related H7 and
H15 subtypes, contains a two-residue insert that
can potentially block human receptor binding. Muta-
tion of the 150-loop on the background of Q226L
and G228S mutations, which arose in the receptor-
binding site of human pandemic H2 and H3 viruses,
resulted in acquisition of human-type receptor speci-
ficity. Crystal structures of H10 HA mutants with
human and avian receptor analogs, receptor-binding
studies, and tissue staining experiments illustrate
the important role of the 150-loop in H10 receptor
specificity.

INTRODUCTION

Three cases of human infection by H10N8 avian influenza A virus

(IAV) (A/Jiangxi/IPB13a/b/c/2013) have been reported in China

since December 2013, two of which were fatal (Chen et al.,

2014; Garcı́a-Sastre and Schmolke, 2014). The prevailing evi-

dence suggested that the H10N8 virus was of avian origin (Gar-

cı́a-Sastre and Schmolke, 2014; Parry, 2014). Besides H10N8,

two additional avian-origin viruses, H7N9 and H6N1, were iso-

lated from human patients during 2013, making it a remarkable

year for novel avian IAVs that crossed the species barrier and in-

fected humans. The increase in human infections by new avian-

origin influenza subtypes (also including H9N2 and H5N1) of

avian origin in the last two decades (Freidl et al., 2014) has raised
This is an open access article under the CC BY-N
concern that these additional avian subtypes could give rise to

novel human pandemic viruses.

Influenza viruses contain two surface glycoproteins, hemag-

glutinin (HA) and neuraminidase (NA). Based on serology, influ-

enza A HA and NA proteins are classified into subtypes. So far

16 HA (H1–16) and 9 NA (N1–9) subtypes have been identified

in wild aquatic birds (Fouchier et al., 2005; Gamblin and Skehel,

2010). Influenza viruses can circulate in a variety of mammalian

hosts other than wild aquatic and domestic birds, including

humans, horses, pigs, dogs, and marine mammals (Osterhaus

et al., 2000; Webster et al., 1992). While circulating human-

adapted viruses cause seasonal epidemics, zoonotic influenza

viruses have the potential to initiate new pandemics. Throughout

the last century, several avian and swine origin influenza viruses

were able to cross the host specificity barrier and infect humans,

but only three different subtypes (H1, H2, H3) have caused pan-

demics: Spanish (1918 H1N1), Asian (1957 H2N2), Hong Kong

(1968 H3N2), and novel swine 2009 H1N1. To transmit in the hu-

man population, the pandemic viruses required a shift in their re-

ceptor specificity to human-type sialosides (Matrosovich et al.,

2009; Parrish and Kawaoka, 2005). The most important determi-

nant in binding specificity is the linkage between the terminal

sialic acid and the penultimate galactose. For avian viruses,

the HAs preferentially bind glycans containing sialic acid in an

a2-3 linkage to galactose, whereas human viruses bind predom-

inantly to a2-6-linked sialosides (avian- and human-type recep-

tors, respectively) (Matrosovich et al., 2009).

The HA receptor-binding site (RBS) is a broad, shallow pocket

located in the apex of the HA head domain and framed by four

structural elements: the 130-loop, 150-loop, 190-helix, and

220-loop. The heart of the RBS is composed of Tyr98, Trp153,

His183, and Tyr195 (H3 numbering), which are highly conserved

in HAs from different subtypes (Ha et al., 2001; Skehel andWiley,

2000). Understanding which mutations facilitate a switch in re-

ceptor specificity is crucial for development of effective preven-

tive and therapeutic measures. Previous studies on pandemic

influenza strains have shown that two different pairs of substitu-

tions of four key RBS residues were all that were required to

switch HA receptor specificity (E190D and G225D for 1918 and
Cell Reports 19, 235–245, April 11, 2017 ª 2017 The Authors. 235
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2009 H1N1 and Q226L and G228S for 1957 H2N2 and 1968

H3N2). However, neither pair of mutations is sufficient to switch

specificity in HAs from other avian subtypes that have caused

human infections. Indeed, for avian H5N1, E190D, and G225D,

mutations abolished receptor binding, while Q226L and G228S

mutations enabled only partial recognition of a2-6-linked recep-

tors without loss of a2-3 binding (Stevens et al., 2006b). Further

mutation at Thr160 or a double mutation at Asn158 (N158D, loss

of glycosylation) and Gln224 (N224K) switched preference to hu-

man receptors, albeit with low affinity (Chen et al., 2012; de Vries

et al., 2014; Herfst et al., 2012; Imai et al., 2012; Xiong et al.,

2013a; Zhang et al., 2013).

In the last decade, glycan arrays have become a powerful tool

to investigate influenza receptor specificity (Paulson and de

Vries, 2013; Stevens et al., 2006a). Recently, we developed

expanded, custom glycan arrays (Nycholat et al., 2012; Peng

et al., 2012) that included extended linear and branched O-linked

glycans as well as bi- and tri-antennary N-linked glycans with

poly-N-acetyl-lactosamine extensions (two to five repeats of

Galb1-4GlcNAc [LN]) capped with either a2-3- or a2-6-linked

sialic acids (Peng et al., 2017). Such extended sialosides have

been observed in a human airway epithelial cell line and in human

and ferret upper airway tissues (Chandrasekaran et al., 2008; Jia

et al., 2014; Walther et al., 2013) and provide a broader range of

biologically relevant glycans for analysis of human-type receptor

specificity. Weak or loss of binding to human-type receptors has

been reported for more recent H3N2 isolates (Lin et al., 2012;

Medeiros et al., 2001; Nobusawa et al., 2000; Yang et al.,

2015), but our expanded glycan array shows that these viruses

bind strongly to human-type receptors, with preference for

extended branched N- and O-linked glycans (Peng et al., 2017;

Bateman et al., 2010; de Vries et al., 2011).

We have previously shown that human-isolated H10N8 HA re-

tains a strong preference for avian receptor analogs (Zhang et al.,

2015). Introduction of mutations that enabled adaption of recep-

tor specificity in humanpandemic viruses failed to switch receptor

specificity in H10N8. Here, we identify and characterizemutations

in the H10 RBS that switch receptor specificity. Based on

sequence and structural analysis of the H10 HA RBS, we hypoth-

esized that the extended 150-loop of H10 HAmight block binding
Figure 1. The Role of the 150-loop in Receptor Specificity of H10 HA

(A) Sequence alignment of the HA 150-loop sequences of representative IAV from

amino acids (designated 158a and 158b) in H7, H10, and H15 HAs (insert colore

(B) Superposition of the RBS subdomains of H10HA (red), pandemic H1 (yellow, P

VN1203 H5 (pink, PDB: 2FK0), A/Taiwan/2/2013 H6 (magenta, PDB: 4XKD), and S

the HA RBS (130-loop, 150-loop, 190-helix, and 220-loop) and H10 Lys158a are

(C) Glycan microarray analysis of recombinant WT and H10 HA RBS mutants. Th

sialosides, similar to H10 WT HA (C1). (C4) The H10LS double mutant binds po

background of H10LS now results in binding to a2-6-linked sialosides with only

background of the H10LS-K158aA mutant reveals a complete switch in binding from

six independent replicates on the array. a2-3-Linked sialosides are shown in yel

Glycans 1 to 10 are non-sialylated controls (gray).

(D) Binding of H10N8 WT and H10LS-K158aA-D193T mutant HAs to a2-3- and a2-6-lin

to glycans terminating in a2-3-linked sialic acids with no significant binding to

for avian a2-3 receptors but gain of strong binding to human a2-6 sialoglycans.

LacNAc repeats (LN1–4) after the terminal sialic acid. An asialo, mono-LN (LN-L) re

glycan in the list of glycans imprinted on the microarray (Table S1) is indicated in

See also Figure S1.
of human receptors to the RBS. Thus, we explored modifications

of the H10 150-loop to elucidate any changes in receptor speci-

ficity using our expanded sialoside glycan array, by binding to

epithelial cells of human trachea, and by X-ray crystallography.

RESULTS

Characterization of the Elongated 150-Loop of H10 HA
IAV HAs can be phylogenetically divided into two groups (Air,

1981; Nobusawa et al., 1991; Wu et al., 2014) and further subdi-

vided into sub-clades. H10 HAs are members of the H7-H10-

H15 subgroup of group 2 (Figure S1B). Sequence alignment of

human H10N8HAwith human pandemic strains andwith viruses

that have caused sporadic human infections reveals that the H10

150-loop contains a two-residue insertion, Lys158a andGly158b

(Figure S1A), which is present only in H7, H10, and H15 subtypes

(Figure 1A). Superposition of the human H10 RBS subdomain

(HA1 residues 117–265) onto other human and avian HAs shows

that the extended H10 150-loop folds back over the RBS, as in

H7 HA (Figure 1B). Moreover, Lys158a forms a roof over the

top part of the RBS.

Human-type receptor analogs (a2-6 sialosides) generally bind

in a cis conformation (with reference to the Sia-Gal bond), similar

to the minimum energy solution conformation, that directs sialo-

sides longer than three sugars toward the 190-helix and top

part of the RBS. In contrast, a2-3 linked sialosides exhibit an

extended conformation that directs avian receptors out of the

RBS (Chandrasekaran et al., 2008; Eisen et al., 1997; Elli et al.,

2014; Sabesan et al., 1991). Modeling of human receptor analog

LSTc (from pandemic strain A/Singapore/1/1957(H2N2), with

PDB: 2WR7 as a representative of a human receptor analog in

human HAs structures) to the H10 HA RBS (Figure S1C) reveals

potential steric clashes (blue), indicating that this elongated loop

might inhibit human receptor binding to the H10 RBS.

The Role of K158a in Host Specificity of H10 HA
To assess the role of K158a in receptor binding, H10 HAs with

K158a mutated to Ala or Gly were expressed and then analyzed

using our custom sialoside glycan array composed of diverse

a2-3 (#11–79) and a2-6 (#80–135) sialosides (Peng et al., 2017).
all HA subtypes. The alignment shows the elongation of the 150-loop by two

d in black).

DB: 3AL4), pandemic H2 (green, PDB: 3KU5), pandemic H3 (cyan, PDB: 4FNK),

h2H7 (gray, PDB: 4N5J) HAs. The conserved secondary structural elements of

labeled.

e H10K158aA (C2) and H10K158aG (C3) mutants bind specifically to a2-3-linked

orly to a2-3- and a2-6-linked sialosides. (C5) Mutating Lys158a to Ala on the

weak binding to a2-3-linked sialosides. (C6) Mutating Asp193 to Thr on the

a2-3- to a2-6-linked sialosides. The mean signal and SE were calculated from

low bars (#11–79 on the x axis) and a2-6-linked sialosides in green (#80–135).

ked receptors, as determined by glycan ELISA. H10 WT (left) binds selectively

a2-6 receptors. H10LS-K158aA-D193T (right) shows only slightly reduced avidity

All tested glycans are biantennary, N-linked receptor analogs with one to four

ceptor was used as a negative binding control for each HA. The number of the

brackets.
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A/Beijing/353/1989 H3N2 and A/Vietnam/1203/2004 H5N1 HA

(VN1203) strains served as controls for human and avian speci-

ficity (Figure S1D). TheH10K158aA andH10K158aGmutants retained

a2-3 specificity with no detectable binding to a2-6 glycans (Fig-

ure 1C1–1C3), demonstrating that mutation of K158a is not suffi-

cient by itself to convert H10 HA to human-type specificity.

As we have previously shown (Zhang et al., 2015), introducing

Q226L, G228S, or Q226L-G228S (H10LS) mutations in wild-type

(WT) H10 HA results in loss of binding to a2-3 sialosides with no

gain in binding to human-type a2-6 receptors (Figures 1C4 and

S1D3–S1D4). However, Lys158a to Ala or Gly on the H10LS dou-

ble mutant (H10LS-K158aA and H10LS-K158aG) resulted in gain of

binding to human-type receptors and dramatically reduced

binding to avian-type receptors (Figures 1C5 and S1D5).

Asp193 is also directed into the H10 RBS andmight also inter-

fere with human analog binding (Figure S1E). D193T on WT H10

reduced binding to avian-type receptors (Figure S1D6) and on

H10LS resulted in gain of binding to human-type receptors with

onlyweak residual binding to avian-type receptors (Figure S1D7).

Significantly, D193T on H10LS-K158aA (H10LS-K158aA-D193T) pro-

duced strong binding to human-type receptors (Figure 1C6)

represented by long, branched, N-linked glycans (#121–131)

(Table S1) similar to A/Cal/04/09 pandemic H1N1 (Peng et al.,

2017) and A/Beijing/353/1989 H3N2 HAs (Figure S1D2). In

some analyses, preferential binding to a2-6-linked sialosides

was accompanied with weak residual binding to avian-type

receptors. Similar results were obtained by introducing D193T

onto H10LS-K158aG, where binding was also observed to

long, branched, O-linked human-type receptors (# 107–111)

(Figure S1D8).

To quantify the change in the avidity of the H10 mutants,

we used a glycan ELISA-type assay to assess binding of H10

WT and H10LS-K158aA-D193T to biantennary, N-linked sialosides

with one to four LN repeats (LN1–4) (Figure 1D). H10 WT was

selective for a2-3 sialosides (Kd apparent of 0.79–0.62 mg/mL;

Table S2), with no detectable binding to a2-6 sialosides. For

H10LS-K158aA-D193T, a significant increase in binding to a2-6 sialo-

sides was detected (Kd 24.8–0.49 mg/mL), with slight reduction

to a2-3 sialosides (Kd 1.55–0.84 mg/mL).

Structural Characterization of H10 HA Mutants with
Human and Avian Receptor Analogs
To investigate the structural basis for change in receptor speci-

ficity, crystal structures of H10LS-K158aA-D193T, H10LS-K158aA, and

H10LS-D193T mutants were determined (Table S3) and were very
Figure 2. Crystal Structure of the H10LS-K158aA-D193T Mutant in Comple
(A–C) The interactions between human receptor analog 60-SLNLN and H10 HA RB

the figure (Purple diamonds represent NeuAc, yellow circles represent Gal and

elements are labeled and shown as ribbons. Selected RBS residues and the rece

black dashes between the human analog and the RBS of the H10LS-K158aA-D193T m

the H10 WT HA complex (cyan) onto that of the H10LS-K158aA-D193T mutant (whit

mational changes arising from a slight rotation around the linkage between Sia-1 a

the RBS of the H10LS-K158aA-D193T mutant is presented.

(D–F) Interactions between avian analog 30-SLN and the H10 HARBS. Hydrogen bo

andH10WT (E). (F) Superposition of the 30-SLNanalog from theH10WTHAcomple

of the avian analog in the RBS and isomerization of the Sia-Gal bond (from trans to c

See also Figure S2.
similar to H10 WT (Ca RMSD of 0.38 Å), but the RBS was more

accessible to human-type receptors, especially for the K158aA

mutants (Figure S2A).

The crystal structure of H10LS-K158aA-D193T HA with human re-

ceptor analog 60-SLNLN (NeuAca2-6Galb1-4GlcNAcb1-3Galb1-

4GlcNAc) (Figure 2A; Table S3) exhibited electron density for

three of the five sugars in the RBS of protomers A and C (Fig-

ure S2B) but only Sia-1 in protomer B. As in H10 WT with human

analog 60-SLN (PDB: 4XQO), Sia-1 makes hydrophobic interac-

tions with Trp153 and hydrogen bonds to Tyr98, the 130-loop

and 190-helix (Figures 2A and 2B). However, Sia-1 interactions

with the 220-loop differ from WT H10 HA due to the Q226L

and G228S mutations that result in loss of two hydrogen bonds

to Sia-1. In addition, the G228S mutation displaces Sia-1 �1 Å

from the 220-loop toward the 130-loop (Figure 2C) and loss of

interaction with His183 (Figure S2C).

60-SLNLN binds in a cis conformation andGal-2 andGlcNAc-3

extend toward the 190 helix and upper part of the RBS akin to

human analogs with pandemic influenza HAs (Figure S2D). As

a consequence of the Q226L mutation, hydrophobic interaction

between Leu226 and Gal-2 C6 stabilizes binding of the human

analog. In addition, two hydrogen bonds are formed between

Gal-2 to Gly225 and Arg137 (Figure 2A). Superposition of the

H10LS-K158aA-D193T mutant with H10 WT reveals differences in

the human analog conformation mainly arising from changes in

the phi (from �35� in WT to �76� in the mutant) and psi (from

�173� to �155�) angles of the Sia-Gal bond (Figure 2C).

For H10LS-K158aA and H10LS-D193T, electron density was

observed for three sugars of 60-SLNLN (Figure S2B). The

human analog conformation in H10LS-K158aA resembles that in

H10LS-K158aA-D193T but, in H10LS-D193T, the electron density is

weaker and the Sia-Gal phi angle differs slightly (from �76� to

�67�) indicating that this change only slightly reduces the steric

clash between Lys158a and 60-SLNLN (Figures S2E and S2F).

To evaluate the reduced binding of the H10 mutants to

avian analogs, we determined the crystal structure of

H10LS-K158aA-D193T with 30-SLN (NeuAca2-3Galb1-4GlcNAc);

electron density was observed for all three sugars (Figure S2B;

Table S3). Sia-1 makes a hydrophobic interaction with Trp153

and hydrogen bonds with Tyr98, 130-loop and 190-helix, but

not with the 220-loop, due to the Q226L and G228S mutations.

In contrast to the trans conformation in the H10 WT complex,

30-SLN binds in a cis conformation, where Gal-2 and GlcNAc-3

exit the RBS lower down and just above the 220-loop (Figures

2D–2F), thereby eliminating potential steric clashes between
x with Human and Avian Receptor Analogs
S. The glycan structure of the 60-SLNLN analog is represented in the top part of

blue squares represents GlcNAc). The RBS conserved secondary structural

ptor analog are labeled and shown in sticks. Hydrogen bonds are indicated by

utant (A) and H10WT (B). (C) Superposition of the human receptor analog from

e) indicating slight displacement of the human analog in the RBS and confor-

nd Gal-2. The superposition was done on the RBS subdomain. For clarity, only

nds are indicated between 30-SLN and the RBS of H10LS-K158aA-D193T mutant (D)

x (cyan) onto that of theH10LS-K158aA-D193Tmutant (white) indicates displacement

is in themutant complex) as a consequence of theQ226L andG228Smutations.
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Leu226 and the Sia-Gal bond of 30-SLN, resulting in loss of the

hydrogen bond between Gal-2 and Arg137 and a new H-bond

between Gal-2 and Gly225 main chain (Figure 2F).

The Role of the 150-Loop in Host Specificity of Group 2
HAs
Since the 150-loop of the H10 clade has an insertion of two res-

idues compared to H3 HA (Figure 1B), we further investigated its

contribution to host specificity by shortening the extended 150-

loop. Deletion of either K158a (H10DK158a) or K158a and G158b

(H10DK158a-DG158b) resulted in binding to avian analogs similar

to that seen for WT H10 HA (Figure S3A), whereas these dele-

tions on H10LS and H10LS-D193T resulted in gain of binding to hu-

man analogs with minimal binding to avian analogs (Figures 3A

and S3A3). Thus, K158a deletion is similar to K158aA mutation

on the same background (Figure 1C).

Human-isolated H7N9 HAs also contain an extended 150-

loop, but with Asp at position 158a (Figure 1A), which can also

result in potential steric clashes with human analogs (Russell

et al., 2006). Modeling the binding of LSTc (PDB: 2WR7) into

the Sh2 H7N9 HA (PDB: 4N5J) (Xu et al., 2013) shows that H7

Asp158a covers the top part of the RBS, similar to H10 K158a

(Figure S3B). Sh2H7 HA already contains Leu at position 226,

but mutation of Gly226 to Ser still maintains avian specificity

(Schrauwen et al., 2016; R.P.d.V., unpublished data). To

examine the 150-loop in H7, we mutated Asp158a to Ala on

the background of G228S, which resulted in gain of binding to

human receptor analogs, although binding to avian analogs

was maintained (Figure 3B).

The H3 HAs are the only group 2 HAs that do not contain an

insertion in the 150-loop (Figure 1A). We therefore extended

the 150-loop of pandemic A/Hong Kong/1/1968 (HK68 H3) and

A/Wyoming/3/2003 H3 HAs by insertion of two amino acids

(Ser and Lys) at position 158 (Figure 3C) to maximize the

sequence similarity to H10. The mutated H3 HAs retained

human specificity, with no significant changes in their binding

profiles (Figure 3D). However, the crystal structure of HK68 H3

HA with the 150-loop insertion revealed a different conformation

compared to H10 HA (Figure S3C; Table S4), where the 150-loop

extends away from the binding site and, thus, does not influence

human receptor binding.

Binding of H10 Mutants to Human Trachea Tissue
To further examine the role of the 150-loop, we assessed the abil-

ity of the H10 mutants to bind to epithelial cells on human trachea

tissue sections. The upper human respiratory tract is rich in a2-6-

linked sialic acids (Figure S4A), whereas the lower respiratory

tract expresses a mixture of a2-6- and a2-3-linked sialic acids

(Shinya et al., 2006). The lack of a2-3 ‘‘avian-type’’ receptors in

the human upper respiratory tract is believed to contribute to

the inability of avian IAV to transmit in the human population (de

Graaf and Fouchier, 2014; Imai and Kawaoka, 2012). Compared

to weak binding of VN1203 H5 HA and strong binding of human

A/Cal/04 H1 HA to human trachea epithelium (Figure 4A), the

H10 HA displays some binding to human trachea (Figures 4B1

and 4C1), as previously reported (Wang et al., 2015). This latter

result contrasts with lack of binding to human receptors on

glycan arrays or in ELISA and may reflect binding to mucin-type
240 Cell Reports 19, 235–245, April 11, 2017
glycoproteins or glycans not present on the glycan microarray.

The H10K158aA mutant has reduced binding to human trachea

(Figure 4B2) that coincides with more restricted binding on

the glycan array (Figure 1C2). Addition of the LS mutations

(H10LS-K158aA) showed increased binding equivalent to H10wt

(Figure 4B3). Further introduction of D193T (H10LS-K158aA-D193T)

strongly increased binding to human trachea epithelium

(Figure 4B4). In contrast to its binding to human trachea, the

H10LS-K158aA-D193T mutant exhibited markedly reduced binding

to chicken trachea epithelium relative to H10 WT HA (compare

Figure S4D1with Figure S4D2), although stainingwith higher con-

centrations of HA exhibited clear binding to chicken trachea

epithelium (Figure S4E2), consistent with weak binding in glycan

arrays and strong binding in the glycan ELISA (Figure 1D). To

establish that binding to human trachea is sialic acid dependent,

binding of H10wt and H10LS-K158aA-D193T was assessed after

treatment with sialidase (Figures 4C3 and 4C4), which abolished

binding to epithelial cells. Together, the results show that the

combined 190-helix and 150-loop mutations increase binding to

human-type receptors in glycan array and ELISA-type assays

as well as direct binding to human trachea tissues.

DISCUSSION

Although more than a hundred different subtypes of IAV have

been isolated from birds, only three (H1N1, H2N2, and H3N2)

have been able to cross the species barrier and transmit in the

human population. Crossing the species barrier and becoming

a successful pathogen in a new host is a rare event that requires

several adaptation steps, including acquisition of specific bind-

ing to the new host cells (Parrish and Kawaoka, 2005). Defining

and understanding these steps can allow us to anticipate and

control emerging viruses in the early stages of adaptation to a

new host to prevent a major pandemic.

Two of the three new influenza subtypes isolated during 2013

are members of the H7, H10, and H15 subgroup (Figure S1B)

that have a two-residue insert in the 150-loop. The extension

of the 150-loop contains large, polar amino acids that can steri-

cally clash with human receptors. Here, based on structural and

receptor binding studies, we identified mutations in the RBS that

enable a switch in receptor specificity for H10 HA (Figures 1 and

3). Similarly, mutating H7 Asp158a to Ala along with G228S

enhanced binding of H7N9 HA to human receptors, but with no

loss of binding to avian receptors. In contrast, extending the

150 loops of human H3 HAs by two residues (Figure 3) did not

block binding to human receptors indicating that the role and

conformation of the extended 150-loop in human receptor spec-

ificity is characteristic only of the H10, H7, and H15 subgroups.

Previous structural analysis has shown that the base of the

human RBS appears to be wider (i.e., distance between the

220-loop and 130-loop) than avian HAs (Ha et al., 2001). Com-

parison of the apo structures of the H10 WT and mutants (i.e.,

with no receptor analogs bound) reveals no significant difference

in this distance, but the top part of the RBS becomes more

accessible for binding of human receptors in the K158aA and

D193T mutants (Figure S2A). Crystal structures of a human

analog with the H10 mutants illustrates that its conformation is

similar to its minimum energy conformation in solution and



Figure 3. The Role of the 150-Loop in Receptor Specificity of H10, H7, and H3 HAs

Glycan microarray analysis was used to determine the role of the 150-loop in the binding specificity of group 2 HAs.

(A) Deletion of K158a on the background of H10LS and H10LS-D193T mutants results in binding to a2-6-linked sialosides with only weak binding to a2-3-linked

sialosides.

(B) Sh2H7 HA binds to avian receptor analogs. Mutation of Asp158a to Ala on the background of the G228Smutation results in gain of binding to human receptors

analogs but no loss in binding to avian analogs.

(C) Schematic representation of insertion of Ser and Lys (between positions 157 and 158) into the 150-loop of pandemic HK68 and A/Wyoming/3/2003 H3 HAs.

(D) The insertion reveals no change in binding specificity compared to WT.

See also Figure S3.
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Figure 4. Binding of H10 Mutants to Human

Trachea Tissue

Binding of recombinant H10 HAs to sections of

human trachea tissue. The VN1203 H5N1 (A1) and

A/Cal/04 H1N1 (A2) HAs were used as controls

for avian and human HAs. Whereas the H10K158aA
mutant (B2) shows no binding to human

trachea tissue and the H10 WT (B1 and C1) and the

H10LS-K158aA (B3) mutants show weak binding, the

H10LS-K158aA-D193T mutant (B4 and C2) exhibits

increased binding to human trachea tissue. HA

binding of H10 WT and the H10LS-K158aA-D193T
mutant to tissue sections was destroyed by treat-

ment of the tissue with sialidase (C3 and C4). Each

panel (A–C) represents results from an independent

experiment. See also Figure S4.
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similar to that in pandemic HAs (Figure S2D). The 220-loop

mutations create more favorable binding interactions with the

hydrophobic face of the human receptor (Gal-2), and mutation

of Lys158a eliminates steric clashes of the 150-loop (Figure 2).

A similar phenotype for change in conformation of the human re-

ceptor analog was reported for the switch in receptor specificity

of the airborne-transmissible H5N1 HA (Xiong et al., 2013a;

Zhang et al., 2013) and also for A/Taiwan/2/2013 H6N1 HA

(Tzarum et al., 2015; R.P.d.V., unpublished data).

In contrast, avian receptors extend toward the 220-loop out of

the binding pocket. Thus, the 150-loop extension of H10 HAs

probably has no influence on avian receptor binding (Figure 1).

In the H10 mutants, loss of binding to avian receptors arises

from the 220-loop mutations (Figure 1C). Comparison of the

structures of H10 WT and the H10LS-K158aA-D193T mutant with

avian analogs indicates a change in the Sia-Gal bond rotation

that creates a favorable interactions with Leu226 and eliminates

steric clashes with the oxygen of the Sia-Gal bond, as in ferret-

transmissible H5 HA (Xiong et al., 2013a; Zhang et al., 2013)

and human H7N9 HA with Leu226 (Shi et al., 2013; Xiong et al.,

2013b; Xu et al., 2013) (Figure S2).

The acquisition of human-type receptor specificity by the

H10LS-K158aA-D193T mutant is seen in all assays utilized including

the glycan array, ELISA, and tissue binding. As we have noted

previously, the glycan array assay is more stringent than ELISA

(Chen et al., 2012; Paulson and de Vries, 2013). In the glycan

array, the mutant HA shows strong preferential binding to a2-

6-linked sialosides. In contrast, in ELISA, although a significant

increase is observed in binding to a2-6-linked glycans, binding

to a2-3-linked glycans was reduced only 2-fold relative to WT

HA (for long glycans; Table S2). Such differences were also

observed using these assays for the ferret-transmissible H5

HAs (Xiong et al., 2013a; Zhang et al., 2013). The qualitative

differences in the two assays likely arise from the different

coupling chemistries and glycan presentation on glass slides

or streptavidin-coated surfaces.

Evaluation of the binding of WT and mutant H10 HAs to sec-

tions of human and chicken trachea tissues provides biological

validation for the increased binding to human-type receptors.

Relative to WT HA, the mutant binds with increased avidity to hu-

man trachea (Figure 4) and significantly weaker binding to chicken

trachea (Figure S4). The next logical step is to analyze the impact

of these mutations on transmission in the ferret model of human

influenza, which supports respiratory droplet transmission of

influenza viruses with human-type, but not avian-type, receptor

specificity (Belser et al., 2011; Herfst et al., 2012; Imai et al.,

2012). However, such gain-of-function studies with avian viruses

fall under the currentmoratorium for dual use research of concern

and are not permitted. Notwithstanding, we show here that the

extended 150-loop of H10 and H7 HAs is a key element in human

receptor binding specificity and should be taken into consider-

ation for design of influenza vaccines and therapies.
EXPERIMENTAL PROCEDURES

Expression and Purification of HAs for Glycan Microarray Analyses

Codon-optimized H3, H5, H7, and H10 were cloned into a pFastBac vector

and HAs expressed as described previously (Stevens et al., 2006a). HA0
was purified via His-tag affinity chromatography and then by gel filtration

chromatography.

Expression and Purification of H10 HAs for Crystallization

The HA0s were expressed as above and purified via His-tag affinity chroma-

tography, cleaved with trypsin to produce uniformly cleaved (HA1/HA2) and

removal of the trimerization domain and His6-tag, and then purified further

by gel-filtration chromatography. The HA eluted as a trimer and was concen-

trated to 5 mg/mL.

Crystallization and Structural Determination of H10 HAs

Crystals of H10 HAmutants were obtained using sitting-drop vapor diffusion at

4�C. HA complexes with receptor analogs were obtained by soaking HA crys-

tals with reservoir solution that contained glycan ligands at 5 mM. Diffraction

data were collected at the Advanced Photon Source (APS) and Stanford Syn-

chrotron Radiation Lightsource (SSRL) (Table S3).

Glycan Microarray Analysis of HAs

Purified HA was pre-complexed with horseradish peroxidase (HRP)-linked

anti-His-tag antibody and with Alexa-488-linked anti-mouse immunoglobulin

G (IgG) and then incubated on the array surface in a humidified chamber.

Slides were subsequently washed, dried, and immediately scanned for a (fluo-

rescein isothiocyanate) FITC signal. Fluorescent signal intensity wasmeasured

using Imagene, and mean intensity minus mean background was calculated.

Tissue Staining

Tissue sections of formalin-fixed, paraffin-embedded human trachea were re-

hydrated through a gradient from ethanol to distilled water, boiled in citrate

buffer (pH 6.0), and washed in PBS with 0.1% Tween. Tissue sections were

then incubated overnight with 3% BSA in PBS. The next day, purified HA

was mixed with mouse anti-strep-tag and goat anti-mouse IgG HRP anti-

bodies and incubated in ice for 20 min. The pre-complexed HA was applied

onto tissues and incubated for 90 min at room temperature. Sections were

then washed, incubated with 3-amino-9-ethyl-carbazole, counterstained

with hematoxylin, mounted with Aquatex, and imaged.
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