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SUMMARY

A species barrier for the influenza A virus is the differ-
ential expression of sialic acid, which can either be
a2,3-linked for avians or a2,6-linked for human vi-
ruses. The influenza A virus hosts also express other
species-specific sialic acid derivatives. One major
modification at C-5 is N-glycolyl (NeuGc), instead of
N-acetyl (NeuAc). N-glycolyl is mammalian specific
and expressed in pigs and horses, but not in humans,
ferrets, seals, or dogs. Hemagglutinin (HA) adapta-
tion to either N-acetyl or N-glycolyl is analyzed on
a sialoside microarray containing both a2,3- and
a2,6-linkage modifications on biologically relevant
N-glycans. Binding studies reveal that avian, human,
and equine HAs bind either N-glycolyl or N-acetyl.
Structural data on N-glycolyl binding HA proteins of
both H5 and H7 origin describe this specificity. Neur-
aminidases can cleave N-glycolyl efficiently, and
tissue-binding studies reveal strict species speci-
ficity. The exclusive manner in which influenza A
viruses differentiate between N-glycolyl and N-acetyl
is indicative of selection.

INTRODUCTION

The influenza A virus (IAV) is an important pathogen in animal and

human health that uses sialic acids as functional receptors to

gain entry into cells. The sialic acid linkage to the penultimate

galactose is a species determinant for infection (de Graaf and

Fouchier, 2014). Human viruses bind to a2,6-linked (human-

type) sialosides present in the upper respiratory tract that en-
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ables respiratory droplet transmission (Tumpey et al., 2007).

Avian viruses, on the other hand, bind to a2,3-linked sialic acids

(avian-type), which in turn are present in their respiratory and

gastrointestinal tracts, enabling transmission by the oral-fecal

route (Connor et al., 1994; Matrosovich et al., 2000; Paulson

and de Vries, 2013).

Sialic acid is a 9-carbon monosaccharide that can contain

multiple modifications that are important for a wide variety of

biological events (Varki and Gagneux, 2012; Varki et al., 2015).

Major modifications are N-acetyl (NeuAc) and N-glycolyl

(NeuGc) structures at the C-5 position (Figure 1A); the latter is

created by the hydroxylation of the N-acetyl moiety. In humans,

the responsible hydroxylase contains a loss-of-function deletion

that was long thought to be unique in humans, hence the term

‘‘non-human’’ for N-glycolyl neuraminic acid (Irie et al., 1998;

Kawano et al., 1995). However, several other mammalian spe-

cies have also independently lost the function of the cytidine

monophosphate (CMP)-N-acetyl neuraminic acid hydroxylase

(CMAH) and are, therefore, unable to synthesize N-glycolyl and

only express N-acetyl. These species include dogs, ferrets,

and seals (Ng et al., 2014; Peri et al., 2018; Schauer, 2016). Other

mammalian species, such as horses and pigs, do express a

functional CMAH enzyme and can predominantly express N-gly-

colyl instead of N-acetyl (Ito et al., 2000).

All IAV hemagglutinins share a highly similar receptor-binding

site, consisting of absolute conserved residues Y98, W153,

H183, and Y195 and conserved structural features that include

the 130-, 150-, and 220-loops and the 190 helix (Skehel and

Wiley, 2000). Several amino acids in these loops and helix are

known to correlate with differences in receptor specificity be-

tween avian and human strains (Matrosovich et al., 2000; Rogers

and Paulson, 1983; Rogers et al., 1983). However, only a few

studies have analyzed N-glycolyl structures as receptors (Gam-

baryan et al., 2012; Higa et al., 1985; Masuda et al., 1999; Suzuki
.
creativecommons.org/licenses/by-nc-nd/4.0/).
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et al., 1997; Suzuki et al., 2000; Takahashi et al., 2009; Wang

et al., 2012). One observation is that equine H3N8 viruses prefer-

entially interact with N-acetyl, whereas the equine H7N7 virus

binds specifically to N-glycolyl (Gambaryan et al., 2012). It has,

however, been postulated that N-glycolyl might function as a

decoy receptor (Takahashi et al., 2014). Finally, an H5N1 A/Viet-

nam/1203/04 Y161Amutant has been shown to interact only with

N-glycolyl (Wang et al., 2012), and the virus replicates well in cell

culture. Although these studies have provided insights into

recognition of NeuGc-containing structures, they employed

resialylated erythrocytes, N-glycolyl-containing gangliosides,

and simple trisaccharides and have not used relevant N-linked

oligosaccharide structures (Chandrasekaran et al., 2008). A

notion is emerging that the complexity of oligosaccharides can

modulate hemagglutinin (HA) binding (Jia et al., 2014; Peng

et al., 2017;Wang et al., 2013); thus, it is important to employ bio-

logically relevant structures. Furthermore, these studies did not

report on any structural data to rationalize binding specificities.

As IAVs adapt to avian-type and human-type receptors and

bind these with high selectivity, we were intrigued to investigate

if adaptation to N-acetyl or N-glycolyl would result in a similar

high specificity. We therefore synthesized a unique library of

biologically relevant N-glycans that are found in ferret and

human respiratory tissues (Jia et al., 2014; Peng et al., 2017;

Walther et al., 2013) in their natural N-acetyl, as well as N-glycolyl,

versions in both avian- and human-type sialic acid linkages. Us-

ing this array, we gained insights into N-acetyl and N-glycolyl

specificity of several HAs of influenza A. It was found that N-gly-

colyl and N-acetyl specificity is near exclusive, and using X-ray

crystallography, we shed light on the receptor-binding mode.

Importantly, both N-acetyl and N-glycolyl are receptors for and

are cleaved by all IAV neuraminidases tested. N-glycolyl-specific

HAs are unable to interact with canine tracheal epithelial cells

because of the lack of CMAH in canine species. We hypothesize

that N-glycolyl specificity of IAVs is selected against, based on

the fact that N-glycolyl-specific viruses, such as equine H7N7

and avian H5N1 Y161A, do not currently circulate in animal hosts,

and almost all tested viruses so far bind N-acetyl.

RESULTS

Synthesis of an N-glycan Library Capped with
Differently Linked and Modified Sialic Acids
Glycan microarrays have become a powerful tool to analyze re-

ceptor-binding specificity of glycan-binding pathogens (Sten-
Figure 1. A Glycan Microarray Containing NeuGc Glycans

(A) Synthesis of the compound library. (Left) Previously described by Nycholat et

(NeuAc) and N-glycolyl (NeuGc) is highlighted in the colored boxes. See also Da

(B) Overview of the synthetic glycans printed on the microarray (n = 6). See also

(C) Verification of the microarray with control lectins: ECA, a-N-glycolyl IgY, SNA

Tables S1, S2, and S3.

(D�I) Evaluation of receptor specificity of HA proteins toward human and avian-typ

used to determine the receptor specificities of several wild-type and mutant

A/Memphis1/71 H3N2, (G) A/Memphis1/71 H3N2 T155Y, (H) A/equine/NY/49/73

The mean signal and standard deviation were calculated for each glycan printed in

independently made protein preparations. a2,6-linked N-acetyl is shown in blac

N-glycolyl in red (glycans 10�12), and a2,3-linked N-glycolyl in blue (glycans 13�
See also Tables S2 and S3 and Figure S2.
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cel-Baerenwald et al., 2014; Stevens et al., 2006a). Current arrays

contain glycans modified with terminal a2,6- and a2,3-linked- N-

acetyl sialic acids and include biologically relevant complex-type,

biantennary N-glycans (Nycholat et al., 2012; Peng et al., 2017).

To create an array that also enables N-glycolyl specificity

screening, we synthesized a library of biantennary N-glycans

that included both a2,6- and a2,3-linked- N-acetyl- and addition-

ally a2,6- and a2,3-linked-N-glycolyl-derivatives. The synthesis of

this sialoside array started with the extraction of a sialylglycopep-

tide fromegg yolk (Liu et al., 2017; Seko et al., 1997). Trimming the

glycopeptide resulted in starting material 1 (Figure 1A) with an

asparagine at the reducing end of the N-glycan core. It was

extended with additional type 2 LacNAc repeats using b3GnT2/

GalT enzymes, and compounds 1, 2 and 3 each served as a start-

ing point for sialylation (Figure 1B). Full sialylation was achieved

by mammalian ST6Gal1 or bacterial PD2,6ST enzymes for a2,6-

linked structures and ST3Gal4 for a2,3-linked compounds. The

synthesis of the N-glycolyl derivatives was based on a one-pot

procedure using a sialic acid synthetase (N. meningitidis) and

CTP to generate CMP-N-glycolyl in situ. N-glycolyl was synthe-

sized chemically according to a published procedure (Allevi

et al., 2011). A comprehensive overview of the library that was

used for our microarray studies is shown in Figure 1B, and the

print layout is shown in Figure S1. All supporting NMR and LC-

MS data of the synthetic compounds are available in Data S1.

The compounds were printed on NHS-activated glass slides,

and quality control of the resulting array was performed with

Erythrina cristagalli agglutinin (ECA), Sambuca nigra agglutinin

(SNA), andMaackia amurensis lectin I (MAL-I) (microarray details

in Table S1 and images in Table S2). These lectins are known to

be specific for terminal galactose, a2,6-linked, and a2,3-linked

sialic acid, respectively. Furthermore, an antibody raised against

N-glycolyl was used (Figure 1C). As expected, ECA bound only to

glycans 1�3, not capped with sialic acid. SNA did not differen-

tiate between N-glycolyl or N-acetyl and bound all a2,6-linked

sialic acid-containing structures (4�6, 10, and 11), whereas

MAL1 bound in an identical fashion to a2,3-linked sialic acids

(7�9 and 13�15). Finally, the antibody against N-glycolyl bound

all N-glycolyl-containing glycans without differentiating between

the types of sialic acid linkage (10�15) (Table S3).

IAV HA Proteins Differentially Bind to N-acetyl and N-
glycolyl Receptors
To analyze a2,6- and a2,3-linked N-acetyl and N-glycolyl speci-

ficity using this sialoside array, we tested binding of several
al. (2012). (Right) Synthesized in this project. The difference between N-acetyl

ta S1.

Figure S1.

, and MAL1. A representative of three independent assays is shown. See also

e receptors containing either N-acetyl or N-glycolyl. The glycanmicroarraywas

HAs: (D) A/Vietnam/1203/04 H5N1, (E) A/equine/Kanazawa/1/07 H3N8, (F)

, H7N7, and (I) A/Vietnam/1203/04 Y161A H5N1.

replicates of 6. The data are representative of three independent assays using

k bars (glycans 4�6), a2,3-linked N-acetyl in gray (glycans 7�9), a2,6-linked

15). Glycans 1�3 are non-sialylated controls and are shown in light gray bars.



Figure 2. Crystal Structures of the H5 Y161A Mutant in Apo Form and in Complex with 30-GcLN Receptor Analog

(A) Superposition of the structures of H5 Y161A HA (in cyan) and wild-type H5 HA (PDB: 2FK0, gray), indicating the conformational changes due to the Y161A

mutation. The conserved secondary elements of the HA RBS are labeled and shown in tube representation.

(B) The hydrophobic core that forms by W127, L154, I164, Y161, and F251 in the structures of H5 wild-type (right) and H5 Y161A mutant (left) HAs. The

hydrophobic interactions are shown in gray dashes and the hydrogen bond between H130 and P162 in red dashes.

(legend continued on next page)
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influenza HA glycoproteins. These HAs were of different origins,

with some containing mutations that were reported to change

receptor specificity. The H5 hemagglutinin derived from A/Viet-

nam/1203/04 was used as a model HA, as it selectively binds

to a2,3-linked N-acetyl (7�9) (Figure 1D). We used an equine

H3N8 HA to assess if this strain would bind N-glycolyl, which is

predominantly expressed in the equine respiratory tract. Interest-

ingly, this H3 HA exclusively binds to a2,3-linked N-acetyl (7�9)

(Figure 1E; Table S3). Next, we wanted to reassess A/Memphis/

1/71 H3N2 and its T155Y mutant, which was previously found to

bind both a2,6-linked N-acetyl and N-glycolyl (Takahashi et al.,

2009). For both wild-type H3N2 and the T55Y mutant, we

observed binding only to a2,6-linked N-acetyl receptors

(5 and 6) (Figures 1F and 1G). Next, we analyzed an equine H7

HA and demonstrated specific binding to a2,3-linked N-glycolyl

receptors (14 and 15) (Figure 1H) (Gambaryan et al., 2012).

Finally, we created a N-glycolyl-specific HA by introducing a

Y161A mutation into A/Vietnam/1203/04 H5 (Wang et al., 2012),

and this H5 Y161A mutant bound only to a2,3-linked N-glycolyl

(14 and 15) (Figure 1I; Table S3). Additionally, we tested a set

of wild-type HA proteins representing pandemic and seasonal

human, swine, and avian H1 subtypes, a canine H3, and avian

H2 and H4 subtypes. None of the proteins showed any respon-

siveness with N-glycolyl structures on our array and exclusively

bound N-acetyl-containing glycans (Figure S2; Table S3). We

conclude that the H5 Y161A mutant binds to N-glycolyl similarly

to equine H7 HA and that N-acetyl and N-glycolyl specificity is

exclusive.

N-glycolyl Specificity Visualized at the Atomic Level
To investigate the structural features for the switch in specificity

from N-acetyl to N-glycolyl, we determined the crystal structure

of the H5 Y161A mutant (Table S4). The H5 Y161A mutant

crystallized as a trimer, and its overall structure is similar to the

wild-type H5 HA [PDB: 3ZP0; overall Ca root-mean-square devi-

ation (RMSD) of 0.58 Å and 0.52 Å for the HA trimer and mono-

mer, respectively]. Nevertheless, the Y161A mutation resulted

in conformational changes in the vicinity of themutation site (res-

idues 157�164) (Figure 2A). In addition, Y161A resulted in sub-

stantial conformational differences (residues 125�135) or disor-

der (residues 129�131) in the 130-loop. Y161 is part of a

hydrophobic core in the vicinity of the base of the HA receptor

binding site (RBS) that is formed by W127, L154, I164, and

F251 (Figure 2A). Mutating the hydrophobic side chain of Y161

to an alanine resulted in a loss of hydrophobic interactions with

the side chains of H130 and I164 and in significant conforma-

tional rearrangements in the hydrophobic core. Consequently,
(C and D) Hydrogen bond interactions between the RBS of the H5 Y161Amutant a

analog 30-SLN (D). The conserved secondary elements of the HA RBS are labeled

labeled and shown in sticks.

(E) Superposition of the crystal structures of H5 Y161A HA in complex with the 3

30-SLN (yellow) indicating the displacement of N-glycolyl-1 away from the base o

117�265 of HA1).

(F) Superposition of N-glycolyl-1 from H5 Y161A structure, and N-acetyl-1 from

N-glycolyl group of N-glycolyl-1 to themain chains of L133 and V135 from the 130-

type are indicated.

See also Table S4 and Figure S3.
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the hydrogen bond between P162 main-chain carbonyl and the

side chain of H130 was lost, and amino acids 129�131 were

disordered (Figures 2A and 2B).

To understand the structural basis for the receptor specificity

shift to N-glycolyl, we determined the structure of the H5 Y161A

mutant in complexwith the 30-GcLN (NeuGca2-3Galb1-4GlcNAc)

at 3.3 Å resolution (Figure 2C; Table S4). Electron density was

observed for two of the three monosaccharides (N-glycolyl-1

and Gal-2; Figure S3). The structure reveals that the 30-GcLN
analog binds in a cis conformation (with regards to the N-gly-

colyl-Gal bond), extending toward the 220-loop. Similar to the

interaction of N-acetyl-1 with the base of the binding site (Fig-

ure 2D), N-glycolyl-1 forms a hydrogen bond with Y98 and also

with the 130-loop, the 190-helix, and the 220-loop (Figure 2C),

but there is a clear absence of hydrogen bonds to the conserved

side chains of H183 and hydrophobic interactions with the side

chain of W153, which are two highly conserved interactions in

N-acetyl recognition by HAs. Instead, the 1-hydroxyl of N-gly-

colyl-1 that distinguishes N-glycolyl from N-acetyl interacts via

a hydrogen bond with the main chain of V135 and S136. Super-

position of the structure of H5 Y161A HA in complex with the

30-N-glycolyl analog to that of H5 in complexwith the avian recep-

tor analog 30-SLN (NeuAca2-3Galb1-4GlcNAc) (PDB: 4BGY; Fig-

ure 2E) indicates a displacement of N-glycolyl-1 �1.3 Å away

from the base of the RBS toward the upper part of the RBS and

results in a loss of interactions with H183 and W153. Super-

position of N-glycolyl-1 and N-acetyl-1 (from the H5 Y161A and

H5 wild-type HA structures, respectively; Figure 2F) suggests

that the 30-GcLNcannot bind to theH5wild-type (as shown in Fig-

ure 1D) due to potential structural clashes between the N-glycolyl

group of N-glycolyl-1 with themain chains of L133 and V135 from

the 130-loop. Taken together, we propose that the Y161A muta-

tion and the consequential conformational changes and disorder

in the 130-loop enable binding to N-glycolyl receptors and

mediate a shift toward N-glycolyl specificity.

To provide structural insights for N-glycolyl receptor speci-

ficity, we determined the crystal structure of equine H7HA (Table

S4) bymolecular replacement (MR) using a homologous HA from

an avian H7N3 virus (PDB: 4BSG) as the initial MRmodel. The Ca

RMSD was 0.92 Å for the HA protomer and 0.50 Å for the recep-

tor binding domain (residues 117�265 of HA1) between the

avian and equine H7 HAs. The RBS of equine H7 HA has the

same constellation of residues that are known to mediate bind-

ing specificity to a2,3-linked avian-type receptors, including

Q226, G228, E190, and G225 (Xu et al., 2013) (Figure 3A), which

is consistent with the finding that the equine H7 HA binds a2,3-

linked N-glycolyl (Figure 1H). Because of the molecular packing
nd receptor analog 30-GcLN (C) and the RBS of H5 wild-type (WT) with receptor

and shown in tube representation, and receptor analogs and RBS residues are

0-N-glycolyl analog (green) with H5 HA in complex with avian receptor analog

f the RBS. The superposition was performed on the RBS subdomain (residues

H5 wild-type HA structure, suggests potential structural clashes between the

loop. The distances between the N-glycolyl group to L133 and V135 of H5wild-



Figure 3. Crystal Structure of Equine H7 HA

in Apo Form

(A) The RBS of the equine H7 HA with binding site

residue side chains shown in stick representation.

(B) Superposition of the RBS structures of equine

H7HA (in yellow) and apoH5Y161AHA (cyan) with

some key binding residues shown in stick repre-

sentation.

See also Table S4.
in the equine H7 crystal, the HA RBS was blocked by a symme-

try-related HA molecule. Thus, it was not possible to obtain an

HA-receptor complex by soaking in receptor analogs. However,

by superimposition of the receptor-binding domain structures of

the apo H7 onto the apo H5 Y161A (Figure 3B), we found that key

residues in the H5 Y161A RBS are well conserved and superim-

posable in H7 HA, such as Q226, Y98, H183, S137, and G134,

with E190 adopting a slightly different side-chain conformation.

Although residue 135 is Glu in equine H7 HA and Val in H5

Y161AHA, themain-chain atoms of residue 135 that form impor-

tant interactions with the receptor in H5 Y161A are superimpos-

able in H5 Y161A andH7HAs. Thus, althoughwe did not obtain a

co-crystal structure with N-glycolyl, the similarity of the essential

RBS residues is suggestive of a related binding mode of both

HAs to a2,3-linked N-glycolyl.

H5N1 Y161 Virus Rescue Immediately Selects for an
Additional Mutation that Does Not Affect N-glycolyl
Specificity
It was previously reported that an H5 virus containing the Y161A

mutant had diminished plaque-forming ability (Wang et al.,

2012).While rescuing this virus again, we found that a largemajor-

ity of the viruses contained a secondmutation, T160A. This T160A

mutation results in the loss of anN-glycosylation site in the head of

HA that has been implicated to be important in receptor binding

and specificity for H5 HA (de Vries et al., 2014; Paulson and de

Vries, 2013; Peng et al., 2018). We therefore analyzed H5 wild-

type versus H5 Y161A and H5 T160A Y161A for replication effi-

ciency in Mardin Darby canine kidney (MDCK) cells. All viruses

grew efficiently in MDCK cells (Figures 4A and 4B), albeit the

wild-type grew to higher titers compared to the mutants. Next,

we analyzed if equine H7N7 was able to replicate on MDCK cells

with equineH3N8and a humanH3N2 virus as controls. In contrast

to the N-glycolyl-specific H5 virus mutants, A/eq/49/73 H7N7 did

not cause any cytopathic effect on MDCK cells and grew to very

low titers,whereas theN-acetyl-specificH3viruses replicatedeffi-

ciently (Figures 4C and 4D). To analyze if the H5N1 T160A Y161A

still bound toN-glycolyl sialic acids,weemployeda hemagglutina-

tion assay using recombinant HAs and erythrocytes from porcine,

canine, and avian origins. Porcine erythrocytes contain high levels

of N-glycolyl and are not bound by the H5 wild-type but are cross

linked by the single and doublemutant H5 proteins (Figure 4E). As

expected, the H5 wild-type protein could cross link canine and
Cell R
chicken erythrocytes, whereas both H5

proteins containing the Y161A mutation

did not (Figure 4E). From these data, we

conclude that the T160A mutation does
not affect N-acetyl and N-glycolyl receptor specificity. To fully

characterize the receptor specificity of the H5 Y161A T160A

mutant, we analyzed this HA on our sialoside array and observed

specific binding to a2,3-linked N-glycolyl (Figure 4F). We also

tested if the viruses displayed strict N-acetyl or N-glycolyl speci-

ficity by glycan array analyses (Figures S4A and S4B; Table S3).

Althoughsomeslight residualbinding toeitherN-acetylorN-acetyl

can be seen, there is a clear and highly identical binding specificity

compared to the recombinant HA proteins. We also observed an

additional mutation in the T160A Y161A mutant virus after

sequencing of the newly grown virus; R193M is located directly

in the RBS, but this again did not affect N-glycolyl specificity (Fig-

ure S4B). We finally analyzed if MDCK cells are indeed N-glycolyl

negative, as previously suggested (Löfling et al., 2013). Indeed,

the N-glycolyl antibody efficiently stains porcine cells but did not

stain MDCK and human HEK293T cells (Figure S4C). Thus, N-gly-

colyl-specific viruses can infect MDCK cells, although no N-gly-

colyl structures are present, which can possibly be explained by

some residual N-acetyl binding of HA or due to neuraminidase

(NA) binding.

Neuraminidases Are Able to Cleave Non-human Sialic
Acids and thus Would Maintain HA-NA Balance
Because binding toN-glycolyl can, for some viruses, also support

influenza infection, and because additional mutations do not

affect N-glycolyl specificity, we hypothesized that the neuramin-

idase of A/Vietnam/1203/04 H5N1 can cleave both N-acetyl and

N-glycolyl, therefore maintaining HA-NA balance. To this end, we

chemically synthesized N-glycolyl-4-Methylumbelliferyl (Izumi

et al., 2001; Zamora et al., 2013) (Scheme S1). We used recombi-

nant tetrameric neuraminidases to analyze the ability of influenza

virus NA proteins to cleave N-glycolyl (Bosch et al., 2010). We

also analyzed a bacterial NA (Vibrio cholerae). All neuraminidases

were tested in the presence and absence of CaCl2 and oseltami-

vir carboxylate. The H5N1 NA enzyme was able to cleave both

N-acetyl and N-glycolyl, albeit the latter with lower enzymatic ac-

tivity (Figure 5A) (Dai et al., 2016). RemovingCaCl2 or adding osel-

tamivir carboxylate inhibited cleavage of sialic acid. The same

specificity was observed for the NAs of H1N1 CA/04/09 and

H7N9 Sh/2/13, although the latter is not dependent on CaCl2
(Smith et al., 2006) (Figures 5B and 5C). The bacterial neuramin-

idase derived from Vibrio cholera did not distinguish between

N-acetyl and N-glycolyl and was not inhibited by oseltamivir
eports 27, 3284–3294, June 11, 2019 3289



Figure 4. Infectivity of Different N-acetyl- and

N-glycolyl-Specific Viruses

(A and B) Growth properties of the recombinant H5

viruses onMDCK cells at different time points (A) and

bar graphs at 24 h post infection (B); a representative

of three independent assays is shown.

(C and D) Growth properties of the H3 and H7 viruses

on MDCK cells at different time points (A) and bar

graphs at 24 h post infection (B); a representative of

three independent assays is shown.

(E) Hemagglutination assay using porcine, canine,

and galline erythrocytes with A/Vietnam/1203/04

wild-type, Y161A, and T160A Y161A double mutant

as recombinant proteins. The data are representative

of three independent assays performed in triplicate,

using independently made protein preparations.

(F) Glycan microarray analysis of the T160A Y161A

mutant that maintains a strict specificity for a2-3-

linked N-glycolyl. The mean signal and standard

deviation were calculated for each glycan printed in

replicates of 6. The data are representative of three

independent assays using independently made

protein preparations.

See also Table S3 and Figure S4.
carboxylate (Corfield et al., 1983) (Figure 5D). For all viral NA pro-

teins, the cleavage rate of N-glycolyl was 2- to 4-fold lower,

compared to N-acetyl. We thus conclude that NA can cleave

N-glycolyl, maintaining an HA-NA balance if HA binds N-glycolyl.

Non-human Sialic Acid Binding on Tissues
Because binding to receptors on epithelial cells of the respiratory

tract is essential for infection and transmission,we analyzedbind-

ing of theHA proteins and theirmutants to canine (a CMAH-nega-

tive species; Schauer, 2016) and equine (a CMAH-positive

species) tracheal tissue sections. For the H5 wild-type and H3

equine proteins, we observed binding to both canine and equine

trachea (Figures 6A and 6B), as both proteins are specific for

a2,3-linked N-acetyl present in both tissues. On the other hand,

binding of the H5 Y161A mutant and H7 equine proteins was

restricted to equine tracheal tissues (Figures 6C and 6D), illus-
3290 Cell Reports 27, 3284–3294, June 11, 2019
trating a strict specificity for N-glycolyl, as

N-glycolyl is not synthesized in canine spe-

cies. As controls, we employed an antibody

to N-glycolyl that was also only able to bind

equine trachea, whereas the plant lectin

SNA was unable to bind either tissue, as

neither contains a2,6-linked sialic acids

(Figures 6E and 6F). We conclude that this

strict specificity of N-glycolyl binding is

a major species determinant for certain

equine IAVs and mutants of other IAVs.

DISCUSSION

In this study, we analyzed the receptor

specificity of HA towardN-acetyl andN-gly-

colyl on N-linked glycans. We demonstrate

that H5 Y161A and equine H7 HAs can
bind N-glycolyl and do not bind to N-acetyl, indicative of high

specificity for N-glycolyl. Previous elegant studies by the

research groups of Suzuki and Kawaoka (Ito et al., 2000;Masuda

et al., 1999; Suzuki et al., 2000; Takahashi et al., 2009) identified

that A/Memphis/1/71 T155Y virus binds to N-glycolyl, as well as

N-acetyl, whereas almost all other human H3N2 viruses only

recognize N-acetyl. However, when we presented H3N2 T155Y

with N-glycolyl substituted onto N-glycans that are found in the

human respiratory tract, instead of brain-specific gangliosides,

we only observed interactions of H3N2 T155Y with N-acetyl.

We also compared H5N1 wild-type and mutant viruses to the

corresponding H5N1 HA proteins and observe that the viruses

retain some slight residual binding to N-acetyl or N-glycolyl,

respectively (Figure S4), possibly explaining the differences

from our observation that H3 HA proteins have exclusive speci-

ficity for N-acetyl, whereas they can also bind N-glycolyl using



Figure 5. Neuraminidase Activity and Specificity toward N-acetyl

and N-glycolyl

NA activity was measured by a solution-based assay using fluorescent sub-

strate 4-MU-NANA and NGNA (see also Scheme S1). Tested neuraminidases

are in the presence and absence of CaCl2 and oseltamivir carboxylate, and

representative of three independent assays all done in triplicate, with inde-

pendent protein preparations: (A) A/Vietnam/1203/04 H5N1, (B) A/CA/04/09

H1N1, (C) A/Sh/2/13 H7N9, and (D) Vibrio cholerae NA.

Figure 6. Tissue Binding Specificity of HA to Canine and Equine

Tracheal Epithelium

Tissue binding is visualized by AEC staining and representative of three in-

dependent assays with independent protein preparations: (A) A/Vietnam/

1203/04 H5N1, (B) A/equine/Kanazawa/1/07 H3N8, (C) A/Vietnam/1203/04

H5N1 Y161A, (D) A/equine/NY/49/73 H7N7, (E) a-N-glycolyl IgY, and (F) SNA.
whole viruses as previously shown (Takahashi et al., 2009).

Another possibility could be the involvement of NA that is able

to cleave N-glycolyl and, therefore, perhaps can also bind N-gly-

colyl and contribute as a receptor-binding site for cell entry

(Hooper and Bloom, 2013; Lin et al., 2010; Zhu et al., 2012).

N-glycolyl specificity by HA abrogates binding to respiratory

epithelial cells in species with a defective CMAH gene, as exem-
plified using canine trachea. We hypothesize that the zoonotic

capabilities of equine H3N8 viruses are due to specificity to

a2,3-linked N-acetyl (Collins et al., 2014; Gambaryan et al.,

2012). The a2,3-linked N-acetyl is present in multiple influenza

hosts, and H3N8 viruses can thus transmit with ease (Xie et al.,

2016). On the other hand, equine H7N7 strictly binds to a2,3-

linked N-glycolyl (Gambaryan et al., 2012), and it is tempting to

conclude that this specificity led to the virus being restricted to
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horses. Although equine H7N7 might be able to infect pigs and

ruminants expressing N-glycolyl in the respiratory tract, experi-

mental or observational studies for this hypothesis are lacking.

On the other hand, avian H7N7 viruses that bind to a2,3-linked

N-acetyl (Belser et al., 2008; Gambaryan et al., 2012; Srinivasan

et al., 2013) continuously circulate in wild birds and poultry.

In conclusion, we have created a glycan array containing

N-glycolyl sialic acids, and using this array, we determined the

specificity of several HAs to either N-acetyl or N-glycolyl. Crystal

structures of H5 Y161A and equine H7 HAs explain this speci-

ficity at the atomic level. At present, no virus circulates in nature

that is known to bind N-glycolyl, indicating an apparent disad-

vantage for a N-glycolyl-specific virus. This can be rationalized

because the natural bird reservoir does not express N-glycolyl,

and the equine H7N7 virus was highly pathogenic but not main-

tained in horses. Indeed, the H5N1 Y161Amutant is a laboratory-

derived HA; however, Y161 is conserved in H5, and it is intriguing

that the Y161A mutation results in a viable virus.
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Ng, P.S., Böhm, R., Hartley-Tassell, L.E., Steen, J.A., Wang, H., Lukowski,

S.W., Hawthorne, P.L., Trezise, A.E., Coloe, P.J., Grimmond, S.M., et al.

(2014). Ferrets exclusively synthesize Neu5Ac and express naturally human-

ized influenza A virus receptors. Nat. Commun. 5, 5750.
Cell Reports 27, 3284–3294, June 11, 2019 3293

http://refhub.elsevier.com/S2211-1247(19)30677-1/sref1
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref1
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref1
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref1
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref2
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref2
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref2
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref3
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref3
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref3
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref3
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref4
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref4
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref4
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref4
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref4
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref5
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref5
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref5
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref5
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref6
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref6
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref6
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref6
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref7
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref7
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref7
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref8
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref8
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref8
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref9
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref9
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref9
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref9
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref10
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref10
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref11
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref11
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref11
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref12
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref12
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref12
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref12
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref13
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref13
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref13
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref13
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref14
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref14
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref15
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref15
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref15
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref15
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref16
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref16
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref16
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref17
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref17
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref18
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref18
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref18
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref19
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref19
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref19
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref19
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref20
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref20
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref20
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref20
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref21
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref21
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref21
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref21
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref22
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref22
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref22
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref23
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref23
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref23
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref23
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref23
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref24
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref24
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref24
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref24
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref25
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref25
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref25
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref26
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref26
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref26
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref27
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref27
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref27
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref27
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref28
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref28
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref28
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref28
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref29
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref29
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref29
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref30
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref30
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref30
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref30
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref31
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref31
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref31
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref31
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref31
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref32
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref32
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref32
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref32
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref33
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref33
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref33
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref33
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref34
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref34
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref34
http://refhub.elsevier.com/S2211-1247(19)30677-1/sref34


Nycholat, C.M., McBride, R., Ekiert, D.C., Xu, R., Rangarajan, J., Peng, W.,

Razi, N., Gilbert, M., Wakarchuk, W., Wilson, I.A., and Paulson, J.C. (2012).

Recognition of sialylated poly-N-acetyllactosamine chains on N- and O-linked

glycans by human and avian influenza A virus hemagglutinins. Angew. Chem.

Int. Ed. Engl. 51, 4860–4863.

Otwinowski, Z., and Minor, W. (1997). Processing of X-ray diffraction data

collected in oscillation mode. Methods Enzymol. 276, 307–326.

Paulson, J.C., and de Vries, R.P. (2013). H5N1 receptor specificity as a factor

in pandemic risk. Virus Res. 178, 99–113.

Peng,W., de Vries, R.P., Grant,O.C., Thompson, A.J.,McBride, R., Tsogtbaatar,

B., Lee,P.S., Razi, N.,Wilson, I.A.,Woods,R.J., andPaulson, J.C. (2017). Recent

H3N2 viruses have evolved specificity for extended, branched human-type re-

ceptors, conferring potential for increased avidity. Cell Host Microbe 21, 23–34.

Peng, W., Bouwman, K.M., McBride, R., Grant, O.C., Woods, R.J., Verheije,

M.H., Paulson, J.C., and de Vries, R.P. (2018). Enhanced human-type receptor

binding by ferret-transmissible H5N1 with a K193T mutation. J. Virol. 92,

e02016–e02017.

Peri, S., Kulkarni, A., Feyertag, F., Berninsone, P.M., and Alvarez-Ponce, D.

(2018). Phylogenetic distribution of CMP-Neu5Ac hydroxylase (CMAH), the

enzyme synthetizing the proinflammatory human xenoantigen Neu5Gc.

Genome Biol. Evol. 10, 207–219.

Potier, M., Mameli, L., Bélisle, M., Dallaire, L., andMelançon, S.B. (1979). Fluo-
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-StrepTag IBA Cat # 2-1509-001

Goat anti-Mouse IgG-647 Thermo Cat # A28181; RRID: AB_2536165

Anti-NeuGc IgY Biolegend Cat # 146903; RRID: AB_2562884

Bacterial and Virus Strains

A/Vietnam/1203/04/H5N1 This paper NCBI:txid284218

Biological Samples

b3GnTII Expressed according to (Prudden et al., 2017)

and (Moremen et al., 2018)

N/A

GalT Roche Diagnostics Cat # 07215118103

PD2,6ST Chemily LLC Cat # EN01001

ST6Gal1 Expressed according to (Moremen et al., 2018) N/A

ST3Gal4 Expressed according to (Moremen et al., 2018) N/A

CMP-Sialic acid synthetase Expressed according to (Karwaski et al., 2002) N/A

Calf intestine alkaline phosphatase Sigma Aldrich Cat # P4978

Erythrina cristagalli agglutinin Vector Labs Cat # B-1145

Sambuca nigra agglutinin Vector Labs Cat # B-1305

Maackia amurensis Vector Labs Cat # B-1315

Chemicals, Peptides, and Recombinant Proteins

UDP-Gal, Roche Cat # 07703562103

UDP-GlcNAc Roche Cat # 11787900103

CMP-Sialic Roche Cat # 05974003103

CTP Chemily CAS 3605-68-0

4-MU-NANA Sigma Cat # M8639-5MG

Streptavidin-AlexaFluor635 Thermo Cat # S32634

4-MU-NGNA This paper N/A

3-amino-9-ethyl-carbazole Sigma Cat # A6926

Deposited Data

H5N1 Y161A Apo form This paper PDB: 6E7G

H5N1 Y161A in complex with 30-GcLN This paper PDB: 6E7H

A/equine/NY/49/73 HA This paper PDB: 6N5A

A/equine/NY/49/73 HA cDNA NCBI LC414434

Experimental Models: Cell Lines

HEK293S GnTI(-) ATCC CRL-3022

MDCK ATCC CRL-2936

Oligonucleotides

available upon request This paper N/A

Recombinant DNA

A/Vietnam/1203/04/H5N1 (de Vries et al., 2014), NCBI 284218

A/Indonesia/05/05/H5N1 (de Vries et al., 2014), NCBI EF541394

A/Memphis/1/71/H3N2 NCBI AB298687

A/equine/Kanazawa/1/07H3N8 (Motoshima et al., 2011), NCBI AB369862

A/CA/04/09/pdmH1N1 (de Vries et al., 2011), NCBI FJ966082

A/swine/Ohio/891/01/H1N2 (de Vries et al., 2011), NCBI AF455675

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

A/KY/UR-06-0258/07/H1N1 (de Vries et al., 2011), NCBI CY028163

A/Puerto Rico/8/34/190E/H1N1 (Nemanichvili et al., 2019), NCBI NP_040980.1

A/canine/TX/01/04 F. Krammer Mt Sinai, NCBI ABA39850.1

A/duck/Hokkaido/111/09/H1N5 https://virusdb.czc.hokudai.ac.jp/, NCBI AB560963

A/duck/Hokkaido/95/01/H2N2 https://virusdb.czc.hokudai.ac.jp/, NCBI AB276115

A/duck/Hokkaido/138/07/H4N6 https://virusdb.czc.hokudai.ac.jp/, NCBI AB450439

A/equine/NY/49/73/H7N7 https://virusdb.czc.hokudai.ac.jp/, NCBI LC414434

Other

NHS-ester activated glass slides N/A (NEXTERION � Slide H, Schott Inc.)
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents should be directed to and will be fulfilled by the Lead Contact, Robert de Vries

(r.vries@uu.nl).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Erythrocytes
Erythrocytes where obtained from the Department of Clinical Sciences of Companion Animals, Department of Farm Animal Health,

and the Department of Equine Sciences ll at the Faculty of Veterinary Medicine, Utrecht University, the Netherlands. All erythrocytes

where obtained from adult animals that are used in the educational program of the faculty of veterinary medicine. No gender or breed

differences have been observed during our studies.

Tissues
Sections of formalin-fixed, paraffin-embedded canine (Canus lupus familiaris) and equine (Equus ferus caballus) trachea were

obtained from the Department of Veterinary Pathobiology, Faculty of Veterinary Medicine, Utrecht University, the Netherlands.

METHODS DETAILS

Materials and reagents
Non-commercially available enzymes were expressed according to previous literature (Karwaski et al., 2002; Moremen et al., 2018;

Prudden et al., 2017). The amount of enzyme that was added to the reactions is given in units (u, enzyme) per mmol (substrate) for

commercial enzymes and mg (enzyme) per mmol (substrate) for in-house expressed enzymes. One unit of the commercially available

enzymes is defined as the amount of enzyme that catalyzes the conversion of 1 mmol substrate per minute using the conditions

provided by the supplier. Final reactants were purified with a size exclusion Biogel (P2) from BioRad in an Econo glass column

(0.7 3 30 cm / 1.5 3 30 cm / 1.5 3 50 cm) and a BioFrac fraction collector from BioRad. The carbohydrate-containing fractions

were visualized using thin layer chromatography and an appropriate staining reagent (15 mL AcOH and 3.5 mL p-Anisaldehyde in

a mixture of 350 mL EtOH and 50 mL H2SO4), followed by heating.

The starting material for the enzymatic synthesis was obtained from egg yolk extraction as described by Seko et al. and further

optimized by others (Liu et al., 2017; Seko et al., 1997; Sun et al., 2014; Zou et al., 2012).

General procedure for the installation of LacNAc repeating units
The acceptor andUDP-GlcNAc (3.0 eq) were dissolved in HEPES buffer (50mM, pH 9.6, 0.1wt%BSA) containingMnCl2 (20mM) and

DTT (1 mM) to a final concentration of 5 mM. b3GnTII (10 mg per mmol acceptor) and CIAP (1 u mL-1, 1 u per mmol of added nucleotide)

were added to the reaction mixture and incubated at 37�C overnight with gentle shaking. The progress of the reaction wasmonitored

by LCMS. In case of incomplete conversion after 18 h, additional b3GnTII (5 mg per mmol acceptor) was added and the reaction incu-

bated overnight. The finished reaction was lyophilized and applied to size exclusion chromatography. The carbohydrate-containing

fractions were lyophilized and dissolved in a Tris buffer (50 mM, pH 7.3, 0.1wt% BSA) containing MnCl2 (20 mM). UDP-Gal (3.0 eq),

CIAP (1 u mL-1, 1 u per mmol of added nucleotide) and GalT (33 mu per mmol substrate) were added and the reaction mixture was

incubated at 37�C overnight with gentle shaking. The progress of the reaction was monitored by LCMS. In case of incomplete

conversion after 18 h, additional UDP-Gal (1.0 eq), CIAP (1 u mL-1, 1 u per mmol of added nucleotide) and GalT (5 mu per mmol sub-

strate) were added and incubated overnight. The finished reaction was lyophilized and applied to size exclusion chromatography.
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The carbohydrate-containing fractions were purified by high performance liquid chromatography (HPLC) giving the respective prod-

ucts as white powders (2: 1.42 mg, 66%, 3: 1.20 mg, 71%).

Procedure for the installation of 2,6 linked NeuAc using PD2,6ST
The acceptor and CMP-Neu5Ac (1.5 eq per NeuAc) were dissolved in a Tris buffer (100 mM, pH 9, 0.1 wt% BSA) to obtain a final

concentration of 5 mM. PD2,6ST (0.05 u per mmol acceptor) and CIAP (1 u mL-1, 1 u per mmol of added nucleotide) were added to

the reaction mixture and incubated at 37�C overnight with gentle shaking. The progress of the reaction was monitored by LCMS.

In case of incomplete conversion after 18 h, additional PD2,6ST (0.05 u per mmol acceptor) was added and incubated overnight.

The finished reaction was lyophilized and applied to size exclusion chromatography. The carbohydrate-containing fractions were

purified by HPLC giving the product as a white powder (4: 0.62 mg, 56%).

General procedure for the installation of 2,6 linked NeuAc using ST6Gal1
The acceptor andCMP-Neu5Ac (1.5-2.0 eq per NeuAc) were dissolved in a sodium cacodylate buffer (100mM, pH 7.5, 0.1 wt%BSA)

to a final concentration of 1mM. ST6Gal1 (20 mg per mmol acceptor) and CIAP (1 u mL-1, 1 u per mmol of added nucleotide) were added

to the reaction mixture and was incubated at 37�C overnight with gentle shaking. The progress of the reaction was monitored by

LCMS. In case of incomplete conversion after 18 h, additional ST6Gal1 (5 mg per mmol acceptor) was added and incubated overnight.

The finished reaction was lyophilized and applied to size exclusion chromatography. The carbohydrate-containing fractions were

lyophilized and purified by HPLC giving the respective products as white powders (5: 0.31 mg, 51%; 6: 0.83 mg, 71%).

General procedure for the installation of 2,6 linked NeuGc using ST6Gal1
The acceptor, NeuGc (4.0 eq) and CTP (4.0 eq) were dissolved in a MgCl2 (20 mM) containing Tris buffer (100 mM, pH 8.5) to a final

concentration of 2 mM. CMP-sialic acid synthetase, ST6Gal1 (20 mg per mmol acceptor) and CIAP (1 u mL-1, 1 u per mmol of added

nucleotide) were added to the reactionmixture and incubated at 37�Covernight with gentle shaking. The progress of the reactionwas

monitored by LCMS. In case of incomplete conversion after 18 h, additional ST6Gal1 (10 mg per mmol acceptor) was added and the

reaction incubated overnight. The finished reaction was lyophilized and applied to size exclusion chromatography. The carbohy-

drate-containing fractions were lyophilized and purified by HPLC giving the respective products as white powders (10: 0.80 mg,

59%; 11: 1.27 mg, 72%; 12: 0.74 mg, 51%). (Note: 10 required extensive incubation and additional ST6Gal1.)

General procedure for the installation of 2,3 linked NeuAc using ST3Gal4
The acceptor and CMP-Neu5Ac (1.5-2.0 eq per NeuAc) were dissolved in a sodium cacodylate buffer (100mM, pH 7.5, 0.1wt%BSA)

to a final concentration of 2mM. ST3Gal4 (20 mg per mmol acceptor) and CIAP (1 u mL-1, 1 u per mmol of added nucleotide) were added

to the reactionmixture and incubated at 37�C overnight with gentle shaking. The progress of the reaction wasmonitored by LCMS. In

case of incomplete conversion after 18 h additional ST3Gal4 (10 mg per mmol acceptor) was added and incubated overnight. The

finished reaction was lyophilized and applied to size exclusion chromatography. The carbohydrate-containing fractions were purified

by HPLC giving the respective products as white powders (7: 0.51 mg, 65%; 8: 0.53 mg, 58%; 9: 0.71 mg, 60%).

General procedure for the installation of 2,3 linked NeuGc using ST3Gal4
The acceptor, NeuGc (4.0 eq) and CTP (4.0 eq) were dissolved in a MgCl2 (20 mM) containing Tris buffer (100 mM, pH 8.5) to a final

concentration of 2 mM. CMP-sialic acid synthetase, ST6Gal1 (20 mg per mmol acceptor) and CIAP (1 u mL-1, 1 u per mmol of added

nucleotide) were added to the reactionmixture and incubated at 37�Covernight with gentle shaking. The progress of the reactionwas

monitored by LCMS. In case of incomplete conversion after 18 h, additional ST6Gal1 (10 mg per mmol acceptor) was added and

incubated overnight. The finished reactionwas lyophilized and applied to size exclusion chromatography. The carbohydrate-contain-

ing fractions were purified by HPLC giving the respective products as white powders (13: 0.34 mg, 51%; 14: 0.48 mg, 52%; 15:

0.79 mg, 45%).

Synthesis of biantennary N-glycans and microarray implementation
The starting material for the enzymatic synthesis was obtained from egg yolk extraction as described by Seko et al. and further opti-

mized by several groups (Liu et al., 2017; Seko et al., 1997; Sun et al., 2014). For this work, a recently published protocol was used,

resulting in 1 as a starting material (Liu et al., 2017). Enzymatic synthesis was performed by the following general procedure: the

acceptor and donor were dissolved in an appropriate buffer and, after addition of the required enzymes, incubated at 37�C overnight.

Reactions were monitored by LCMS and, in case of incomplete conversion, additional enzyme and donor were added. The process

was repeated until no further enzyme reaction was observed and followed by size exclusion chromatography. Purification of final

compounds was accomplished by high performance liquid chromatography (hydrophilic liquid interaction chromatography, Waters,

XBridge BEH, Amide column) and yields were quantified by NMR spectroscopy.

NMR
NMR spectra were recorded at room temperature on a 600 MHz instrument from Bruker and a 400 MHz from Agilent. The chemical

shift d is given in parts permillion (ppm)with reference to tetramethylsilane and the residual solvent peak [1H-NMR: d(D2O) = 4.79 ppm].
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NMR data are given as follows: 1H-NMR: chemical shift (multiplicity, coupling constants, relative integral, functional group); 13C

data are extracted from HSQC spectra and given as follows: chemical shift. Multiplicity is defined as follows: b = broad; s = singlet;

d = doublet; t = triplet; q = quartet; m = multiplet or combinations of the above. In case of superimposed peaks, the number is given

before the functional group. The labeling of signals is indicated supplemental data 1 assignment was done by using corresponding

2D-NMR spectra (COSY, HSQC). The anomeric peak of Mannose-3 was hidden by the H2O signal and assigned using the HSQC.

Proton peaks that could not be assigned with the recorded spectra are indicated by ‘‘Hex.’’

Due to the use of ammonium formate containing buffers during final purification, several spectra show residual formic acid (8.46

ppm) contamination. Since printing is not affected by formic acid and the yield/concentration of the products were determined by

NMR spectroscopy, using n-propanol as an internal standard, the formic acid residues were not removed.

HPLC and LCMS
Analytical high-performance liquid chromatography (HPLC) was performed on a Shimadzu system (system controller: SCL10A-VP;

HPLC pumps: LC10AD-VP; injector: SIL10AD-VP) using a ZIC HILIC column (ZeQuant, PEEK coated guard HPCL column, 3.5 mm

particle size, 20 3 2.1 mm). The LC system was attached to a Bruker Daltonics microTOF-Q mass spectrometer. LC-conditions

are indicated with each compound using the mass detector with a range of detection from 300 to 3000 Th. The reoccurring peak

at 966.0 Th is an internal impurity of the instrument and not a contamination of the compounds.

For semi-preparative HPLC runs, a similar Shimadzu system (system controller: SCL10A; HPLC pumps: LC10AD) equipped with a

UV detector (SPD10A-VD) and a semi-preparative XBridge HILIC column (4.6 mm (B) x 250 mm (l), 5 mm particle size) was used.

The solvents were purchased from Biosolve in HPLC- and LC-MS grade for preparative and analytical applications respectively.

Water was deionized with a Synergy Millipore system. All solvents used for the purification of compounds was degassed by vacuum

filtration prior to use. Products were detected at a wavelength of 210 nm. The following buffers were used: semi-preparative: A: 100%

H2O, 10 mM NH4HCOO, pH 3.6; B: 10% H2O in MeCN, 10 mM NH4HCOO, pH 3.6; analytical: A: 100% H2O, 30 mM NH4HCOO,

pH 3.6; B: 100% MeCN.

High resolution masses were obtained by using an Agilent 6560 Ion Mobility Q-TOF LC-MS system.

Microarray printing
All compounds were printed on NHS-ester activated glass slides (NEXTERION � Slide H, Schott Inc.) using a Scienion

sciFLEXARRAYER S3 non-contact microarray equipped with a Scienion PDC80 nozzle (Scienion Inc.). Individual compounds

were dissolved in sodium phosphate buffer (250 mM, pH 8.5) at a concentration of 100mM and were printed in replicates of 6

with spot volume �400pL, at 20�C and 50% humidity. Each slide has 24 subarrays in a 3x8 layout. After printing, slides were incu-

bated in a humidity chamber for 8 h and then blocked for 1 h with a 50mM ethanolamine in Tris buffer (pH 9.0, 100 mM) at 50�C.
Blocked slides were rinsed with DI water, spun dry, and kept in a desiccator at room temperature for future use.

Scanning: After staining, the slideswere scanned using aGenePix 4000Bmicroarray scanner (Molecular Devices) at the appreciate

excitation wavelength with a resolution of 5mM. Various gains and PMT values were employed in the scanning to ensure that all

signals were within the linear range of the scanner’s detector and no saturation of the signals.

Data processing: The data were analyzed with our home written Excel macro. The highest and the lowest value of the total

fluorescence intensity of the six replicates spots were removed to provide the mean value and standard deviation (n = 4).

Quality control: The printingwas validated by several lectins including Erythrina cristagalli agglutinin (ECA, specific for terminal Gal),

Sambuca nigra agglutinin (SNA, specific for terminal a2,6-NeuAc/NeuGc), Maackia amurensis lectin I (MAL-I, specific for a2,3-

NeuAc/NeuGc) and an anti-NeuGc antibody. The biotinylated lectins were visualized with Streptavidin-AlexaFluor635. After staining,

the slides were scanned at the appropriate excitation wavelength and images were analyzed.

Expression and purification of HA for binding studies
HA encoding cDNAs (Genscript, USA), were cloned into the pCD5 expression as described previously (de Vries et al., 2010). The

pCD5 expression vector was adapted so that the HA-encoding cDNAs are cloned in frame with DNA sequences coding for a signal

sequence, a GCN4 trimerizationmotif (RMKQIEDKIEEIESKQKKIENEIARIKK), a super folder GFP (Sliepen et al., 2015), and the Strep-

tag II (WSHPQFEKGGGSGGGSWSHPQFEK); IBA, Germany).

HA proteins were expressed in HEK293S GnTI(-) cells and purified from the cell culture supernatants as described previously (de

Vries et al., 2010). pCD5 expression vectors were transfected into HEK293S GnTI(-) cells using polyethyleneimine I (PEI). At 6 h post

transfection, the transfection mixture was replaced by 293 SFM II expression medium (GIBCO), supplemented with sodium

bicarbonate (3.7 g/L), glucose (2.0 g/L), Primatone RL-UF (3.0 g/L), glutaMAX (GIBCO), valproic acid (0,4 g/L) and DMSO (1,5%).

Tissue culture supernatants were harvested 5–6 days post transfection. HA proteins were purified using Strep-Tactin Sepharose

beads according to the manufacturer’s instructions (IBA, Germany).

Glycan microarray binding of HA
Recombinant HA were precomplexed with mouse anti-streptag-Alexa647 and goat-anti mouse-Alexa647 antibodies in a 4:2:1 molar

ratio in 50 mL PBS-T. This mixture was incubated on ice for 15 min and subsequently incubated on the array surface in a humidified
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chamber for 90 min. Slides were subsequently washed by successive rinses with PBS-T, PBS, and deionized H2O. Washed arrays

were dried by centrifugation and immediately scanned and processed identical to the plant lectins described above.

Expression and purification of the H5 Y161A HA mutant for crystallization
The cDNA of A/Vietnam/1203/04 [GISAID accession number: EF541403] was cloned into a pFastBac vector and the Y161Amutation

was generated by site-directed mutagenesis. The H5 Y161A HA was expressed in Hi5 insect cells with an N-terminal gp67 signal

peptide, C-terminal thrombin cleavage site, foldon trimerization sequence, and His6-tag and expressed as described previously

(Stevens et al., 2006b). The expressed HA0 was purified via His-tag affinity purification, dialyzed against 20 mM Tris-HCl pH 8.0,

100 mM NaCl, and then cleaved by trypsin (New England Biolabs, Ipswich, MA) to produce uniformly cleaved (HA1/HA2) and to

remove the trimerization domain and His6-tag. The digested protein was purified further by Superdex-200 gel filtration chromatog-

raphy (Pharmacia). The HA protein eluted as a trimer and was concentrated to 5 mg/mL.

Crystallization and structural determination of the H5 Y161A HA
Crystals of the Y161A mutant were obtained using the vapor diffusion sitting drop method at 4�C against a reservoir solution

containing 20% (w/v) PEG 3350, 0.1 M Na-Acetate, pH 7.0. The complex of HA proteins with receptor analog 30-GcLN was obtained

by soaking HA crystals in the reservoir solution that contained the glycan ligand to a final concentration of 5 mM. Prior to data collec-

tion, the crystals were cryoprotected using 10% ethylene glycol and flash cooled in liquid nitrogen. Diffraction data were collected at

the Advanced Photon Source (APS) and at the Stanford Synchrotron Radiation Lightsource (SSRL) (Table S4). Data were integrated

and scaled using HKL2000 (Otwinowski and Minor, 1997). The initial H5 Y161A apo structure was solved by molecular replacement

method using Phaser (McCoy et al., 2005) with H5wild-type HA structure (PDB: 2FK0) as the searchmodel. The refined H5 Y161AHA

apo structure was then used as the starting model for structure determination of the H5 HA-30-NeuGc complex structures. Structure

refinement was carried out in Phenix (Adams et al., 2002) and model with COOT (Emsley and Cowtan, 2004). Final refinement sta-

tistics are summarized in Table S4.

Expression and purification of the equine H7 HA for crystallization
The cDNA of A/equine/NY/49/73/H7N7 was cloned into a pFastbac vector, and the H7 HA expressed in Hi5 insect cells with an

N-terminal gp67 signal peptide, C-terminal thrombin cleavage site, foldon trimerization sequence, and His6-tag and expressed as

described previously (Stevens et al., 2006b). The expressed HA0 was purified by Ni-NTA affinity purification, dialyzed against

20 mM Tris–HCl pH 8.0, 100 mM NaCl, and then cleaved by thrombin (MilliporeSigma, Burlington, MA) to remove the trimerization

domain andHis6-tag. TheH7HAprotein was further purified by Superdex-200 gel filtration chromatography (Pharmacia). The purified

HA protein eluted as a trimer and was concentrated to 6 mg/ml.

Crystallization and structural determination of the equine H7 HA
Crystals of equine H7 HA were obtained using the vapor diffusion sitting drop method at 20�C against a reservoir solution containing

0.1 M HEPES, pH 6.5, 2.4 M ammonium sulfate. Prior to data collection, the crystals were cryoprotected with 25% ethylene glycol

and flash cooled in liquid nitrogen. Diffraction data were collected at the Stanford Synchrotron Radiation Lightsource (SSRL) (Table

S4). Data were integrated and scaled using HKL2000 (Otwinowski and Minor, 1997). The H7 apo structure was solved by molecular

replacement method using Phaser (McCoy et al., 2005) with an avian H7 wild-type HA structure (PDB: 4BSG) as a search model.

Structure refinement was carried out in REFMAC5 (Murshudov et al., 2011) and modeled with COOT (Emsley and Cowtan, 2004).

Final refinement statistics are summarized in Table S4.

Virus infectivity and hemagglutination
The viruses were generated as described previously (Wang et al., 2012). Briefly, a coculture of MDCK and 293T cells was transfected

with four expression plasmids coding for the PB1, PB2, and PA proteins and nucleoprotein (NP) and with eight pPolI plasmids, each

containing one of the HA virus viral RNA (vRNA) segments, including the wild-type HA segment, or their corresponding mutant HA

genes. All internal genes are PR8 HALo. A total of 0.5 to 1 mg of each plasmid was transfected using Lipofectamine 2000 (Invitrogen,

Carlsbad, CA). At 12 h post transfection, themediumwas replaced byDMEMcontaining 0.3%bovine serum albumin, 10mMHEPES,

and 1 mg of tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-treated trypsin/mL. At 3 days post transfection, virus within the

cell supernatants was plaque purified by titration on MDCK cells. All the segments of the recovered mutant viruses were analyzed by

reverse transcription-PCR (RT-PCR) and confirmed by sequencing.

MDCK cells were infected at a multiplicity of infection (MOI) of 0.01 with recombinant influenza A viruses expressing either HA

Y161A, HA T160A Y161A, or parental HA and equine and human influenza A viruses. At 0, 12, 24, 36, 48, and 60 h post infection,

cell supernatants were harvested and titrated on fresh MDCK cells.

Hemagglutination assayswere performedwith 0.5%erythrocytes usingHApre-complexed as described previously (de Vries et al.,

2010) at a starting concentration of 10 mg/mL.
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Neuraminidase specificity and activity
20-(4-Methylumbelliferyl)-a-D-N-glycolylneuraminic acid was synthesized previously (Izumi et al., 2001; Zamora et al., 2013) (Scheme

S1). The synthesis used in this paper is partially based on the method used by Zamora et al. by protecting the C5 position with a Boc

group to selectively deprotect and introduce the glycolyl group. Chlorination of the anomeric position with in situ HCl gas and

subsequent glycosylation with sodium-4-methylumbelliferone gave sufficient yields to perform the experiments.

NA solution-based enzymatic activities were measured in PBS at pH 6.15 supplemented with 10 mM CaCl2, using the fluorescent

substrate 20-(4-methylumbelliferyl)-a-D-N-acetylneuraminic acid (4-MU-NANA; Sigma [Potier et al., 1979; Xu et al., 2012]) and

20-(4-methylumbelliferyl)-a-D-N-glycolylneuraminic acid (4-MU-NGNA). The reaction was conducted at room temperature in a total

volume of 80 mL. After the reaction mixture was incubated for 1 h, the reaction was stopped by addition of 80 mL 1 M Na2CO3. The

reactions were measured at excitation and emission wavelengths of 365 nm and 450 nm, respectively. The reactions were all

performed in triplicate.

Tissue staining
Tissue sections were rehydrated in series of alcohol from 100%, 96% to 70% and lastly in distilled water. Endogenous peroxidase

activity was blocked with 1% hydrogen peroxide for 30 min. Tissues slides were boiled in citrate buffer pH 6.0 for 10 min at 900 kW in

a microwave for antigen retrieval and washed in PBS-T three times. Tissues were subsequently incubated with 3% BSA in PBS-T

overnight at 4�C. The next day, the purified, soluble trimeric HA was pre-complexed with mouse anti-strep-tag-HRP antibodies

(IBA) and goat anti-mouse IgG HRP antibodies (Life Biosciences) in a ratio of 4:2:1 in PBS-T with 3% BSA and incubated on ice

for 15 min. After draining the slide, the pre-complexed HA was applied onto the tissue and incubated for 90 min. Sections were

then washed in PBS-T, incubated with 3-amino-9-ethyl-carbazole (AEC; Sigma-Aldrich) for 15 min, counterstained with hematoxylin

and mounted with Aquatex (Merck). Images were taken using a charge-coupled device (CCD) camera and an Olympus BX41 micro-

scope linked to CellB imaging software (Soft Imaging Solutions GmbH, M€unster, Germany).

QUANTIFICATION AND STATISTICAL ANALYSIS

Glycan microarray
Data are plotted from fluorescent intensity, analyzed using GenePix Pro 7 software, from the images, the highest and lowest value

where removed from 6 replicates, total intensities are plotted as means ± SD. The data were further processed with Microsoft Excel

and plotted with GraphPad Prism 7. The data are representative of three independent assays using independently made protein

preparations.

Infectivity of viruses
A representative of three independent assays is shown and plotted as means ± SD. The data were processed with Microsoft Excel

and plotted with GraphPad Prism 7.

Hemagglutination
The data are representative of three independent assays performed in triplicate, using independently made protein preparations and

plotted as means ± SD. The data were processed with Microsoft Excel and plotted with GraphPad Prism 7.

Neuraminidase activity
The data are representative of three independent assays performed in triplicate, using independently made protein preparations and

plotted as means ± SD. The data were processed with Microsoft Excel and plotted with GraphPad Prism 7.

Tissue binding
The data are representative of three independent assays with independent protein preparations. Tissues from different paraffin

blocks where used (n = 3).

DATA AND SOFTWARE AVAILABILITY

Tabulated microarray data are provided in Table S3. Atomic coordinates and structure factors have been deposited in the Protein

Data Bank (PDB) under accession codes 6E7G for H5N1 HA in apo form and 6E7H in complex with 30-GcLN and 6N5A for H7N7

HA. The A/equine/NY/49/73 HA sequence is deposited in the NCBI database (LC414434).

ADDITIONAL RESOURCES

All NMR and LC-MS data on the synthesized compounds can be found online in the Data S1 file.
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