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ABSTRACT: Influenza virus infection remains a threat to human
health since viral hemagglutinins are constantly drifting, escaping
infection and vaccine-induced antibody responses. Viral hemag-
glutinins from different viruses display variability in glycan
recognition. In this context, recent H3N2 viruses have specificity
for α2,6 sialylated branched N-glycans with at least three N-
acetyllactosamine units (tri-LacNAc). In this work, we combined
glycan arrays and tissue binding analyses with nuclear magnetic
resonance experiments to characterize the glycan specificity of a
family of H1 variants, including the one responsible for the 2009
pandemic outbreak. We also analyzed one engineered H6N1
mutant to understand if the preference for tri-LacNAc motifs could
be a general trend in human-type receptor-adapted viruses. In
addition, we developed a new NMR approach to perform competition experiments between glycans with similar compositions and
different lengths. Our results point out that pandemic H1 viruses differ from previous seasonal H1 viruses by a strict preference for a
minimum of di-LacNAc structural motifs.
KEYWORDS: influenza virus, N-glycan, recognition, glycan array, NMR

■ INTRODUCTION
Influenza A viruses remain a threat to human health. Globally,
the World Health Organization (WHO) estimates 290 000 to
650 000 annual deaths. One barrier to the transmission of
avian viruses in humans is receptor specificity. Hemagglutinins
of avian and human viruses are characterized by their different
preferences for α2,3 (avian-type receptor) and α2,6 (human-
type receptor) galactose-linked sialic acids, respectively.1,2

However, other elements of the glycan sequence are also
important factors of HA specificity that contribute to viral
transmission between species.3 For instance, recent H3N2
viruses have evolved specificity for α(2-6)-linked N-glycans
that terminate poly-N-acetyllactosamine chains (poly-LacNAc
chains).4,5 Complex N-glycans in mammalian and higher
eukaryotes contain poly-LacNAc chains with a different
number of repeats of the disaccharide (Galβ1−4GlcNAc),6,7
which can be branched, further terminated with sialic acid, and
decorated with fucose and sulfates.8 In this context, it has been
described that sulfation has an impact on glycan recognition of
H1 and H5 hemagglutinins.9−11

N-glycans containing poly-LacNAc chains terminating in α2-
6 linked sialic acids are relatively rare in the human and ferret

respiratory tracts.12−14 We recently showed that biological
membranes only need a low number of glycan receptors to be
bound by contemporary human H3N2 viruses.4 In particular,
the presentation of poly-LacNAc N-glycans is essential for
contemporary H3N2 influenza virus binding. However, this
analysis has been lacking for H1N1 viruses. Interestingly, in
contrast to the observations for the recent H3N2 variants,
these viruses do still bind erythrocytes,4,15 strongly suggesting
that they display binding capability for N-glycans containing
two LacNAc repeats and terminating in α2-6 linked sialic acid.
Studies carried out with glycan arrays have shown that H3

Vic/11 prefers human-type branched N-glycans with at least
three LacNAc repeats. The hypothesis is that these glycans can
interact with two binding sites of the hemagglutinin trimer in a
bidentate binding mode.5 Although we recently showed that
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the minimal receptor for recent H3N2 viruses is a single arm
containing a tri-LacNAc with an α2-6 linked sialic acid,4 data at
the molecular level for this specificity for both human H1 and
H3 viruses is missing. This is due to the challenging nature of
experimentally studying the structure and interactions of poly-
LacNAc glycans. In fact, their structural characterization is
hampered due to the inherent flexibility of the glycan that
highly precludes crystallization studies. In this context, the X-
ray structures of a variety of HA/glycan complexes have been
reported, but the available electron density only allowed for
defining very short-chain oligosaccharides located at the
hemagglutinin receptor binding site.16

Herein, we show the power of NMR spectroscopy to derive
key details of the recognition features of poly-LacNAc glycans
when bound to hemagglutinins. One H6 and three different
human H1 variants, including the one responsible for the 2009
pandemic outbreak, have been characterized. Fittingly, the
NMR results allow the clear detection of differences in the
binding epitope between different HAs, which are in good
agreement with the binding preferences determined by glycan

arrays. In addition, a new NMR methodology, based on the
employment of a paramagnetic molecular probe, has been
developed to perform competition experiments between
glycans with a similar composition but a different chain length.

■ RESULTS

In Contrast to Seasonal H1, Pandemic H1 Prefers
N-Glycans Displaying di-LacNAc Repeats

To determine if human H1 prefers to bind N-glycans
presenting at least one tri-LacNAc arm with an α2,6 linked
sialic acid, we employed a previously described glycan array
(Figure 1A).4 Initially, A/Duck/Ukraine/68 H3N8 hemag-
glutinin was characterized to demonstrate the proper printing
in the array of the α2,3 linked sialic acid displaying N-glycans
(#4−6), Figure 1B left. Next, three human H1 proteins from
distinct moments during their circulation in humans were
analyzed. A/New Caledonia/20/99 (A/NC/20/99) represents
seasonal H1s (Figure 1B right) circulating before they were
replaced by the 2009 new pandemic lineage, represented here

Figure 1. Glycan array analyses of recombinant influenza HA proteins. (A) Glycan structures imprinted on the array. (B) Reference HA of A/
duck/Ukraine/68 H3N8 and a pre-pandemic H1 seasonal strain A/NC/20/99. (C) Receptor binding profiles of antigenically distinct pandemic
H1 proteins, A/CA/04/09 versus A/Bris/18, and the H6 G225D mutant protein specific for human-type receptors. α2,3 linked structures are given
in black bars, α2,6 linked structures with a single LacNAc are given in orange bars (green glycan numbers), and glycans with two and three LacNAc
repeats are given in white bars. The Y-axes give the mean relative fluorescent units.
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by A/CA/04/09 (Figure 1C left). This pandemic strain
underwent antigenic changes in the last decade, and a recent
vaccine strain A/Bris/18 (Figure 1C middle) was selected as a
representative. Finally, an H6 G225D mutant protein (Figure
1C right) was also included since we previously established
that this engineered mutant switched specificity from α2,3 to
α2,6 sialylated glycans.17 This binding phenotype was highly
similar to that of contemporary human H3N2 viruses.5 This
protein was specifically employed to understand why zoonotic
viruses isolated from humans and adapted to bind human
receptors share this specificity.18−21 In this follow-up analysis,
we clearly observe reduced responsiveness to the glycan array
compared to the H1 isolates. Conversely, the specificity is very
similar, with a slight preference for three LacNAc repeats.
A/NC/20/99 H1 protein displayed a receptor binding

profile similar to that of other pre-pandemic H1 proteins we
had previously analyzed.22 This protein specifically binds the
prototypical human-type receptor, defined as a single LacNAc
terminating with an α2,6 linked sialic acid, as demonstrated
with compounds #7−9 (Figure 1B right). Interestingly,
compounds #11 and #14 are not bound, probably with the
non-sialylated longer arm interfering. In contrast, A/CA/04/09
indeed prefers extended branched LacNAc repeats (Figure 1C
left), as previously reported by others and us.5,23 The
antigenically distant A/Bris/18 displayed an almost identical
binding phenotype (Figure 1C middle). Importantly, both
were able to bind α2,6 linked sialic acid on two LacNAc
repeats, which is in line with their property to hemagglutinate
turkey erythrocytes. Finally, the H6 G225D mutant protein
displayed lower responsiveness overall (Figure 1C right).

■ FERRET UPPER RESPIRATORY TRACT IS BOUND
BY HA PROTEINS WITH HUMAN-TYPE RECEPTOR
SPECIFICITY

Once the differential receptor specificity of human H1 and
human H6 was established, we analyzed the receptor binding
profile on tissue sections from biologically relevant respiratory
organs (see Figure 2). Tissues display organ and species-
specific glycans. In this regard, the chicken trachea displays
mainly avian-type receptors, whereas the pig lung expresses
mainly human-type receptors (with different sialic acid
modifications), and several parts of the ferret respiratory
tract closely resemble the human respiratory glycome.24

Especially, the ferret tissues are of importance as they provide
the animal model most similar to the human respiratory tract
at the glycan level. The green fluorescent protein (GFP) was
fused to the C-terminus of trimeric hemagglutinins, as
previously described, to aid in the visualization of HA binding
to tissues.25 Interestingly, the A/NC/20/99 H1 bound
efficiently to the chicken trachea (Figure 2), which is
counterintuitive as this is considered as an organ mainly
displaying avian-type receptors. However, it is likely that very
simple N-glycans with α2,6 linked sialic acids are also
expressed but normally not bound by human strains. To
confirm sialic acid dependency, we pretreated the chicken
trachea with a sialidase, which abrogated binding completely,
Figure S1. A binding experiment with the plant lectin SNA
which binds α2,6-linked sialic acids further confirmed the
presence of this structure. All tissues were bound by A/NC/
20/99, albeit with different levels of fluorescent intensity. A/
CA/04/09 and Bris/18 displayed almost identical binding
profiles, as expected from the highly similar specificity
determined by the glycan arrays. In contrast to A/NC/20/

Figure 2. Tissue binding assays to relevant respiratory tissues, origin of tissue is given on top, and the staining HA on the left. Blue is nuclei staining
by DAPI (4′,6-diamidino-2-phenylindole) and in green binding afforded by the recombinant HA proteins that are fused with a GFP. In the ferret
tissues, lung alveoli are indicated with ̂, blood vessels with *, and the bronchi with >.
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99, both A/CA/04/09 and Bris/18 failed to bind chicken
trachea, while they showed increased fluorescence in the pig
bronchus and the ferret lung. In the ferret lung, it is remarkable
that mainly the alveoli are bound with higher intensity
compared to A/NC/20/99. Clearly, ferret bronchi are not
bound by any HA tested, which could indicate a discontinuity
in glycan expression from the lung to the trachea.
Finally, the ferret trachea is bound by all HA tested. The

H6N1 variant was only able to bind this tissue, perhaps due to
its low and specific binding avidity.
Thus, the ferret upper respiratory tract does express complex

N-glycans with multiple LacNAc repeats, confirming their
suitability as an animal model for human influenza A viruses.
Harnessing the Power of NMR to Get a Molecular Grip on
HA Specificity
Saturation transfer difference (STD) NMR experiments,26

were used to complement the glycan array and tissue binding
data described above and provide the molecular recognition
perspective at atomic resolution. In particular, the details of the
interaction features of the sialylated tri-LacNAc biantennary N-

glycan (13) with the four hemagglutinin variants specific for
human-type receptors were scrutinized. STD NMR experi-
ments have been widely employed to derive the binding
epitope of diverse ligands, including glycans, to a variety of
receptors.26 In this context, the STD experiment has been
successfully used to analyze the interaction of sialylated
trisaccharides with cells transfected with H5 and H1 variants
of hemagglutinin.27 Nevertheless, the intricacy of the NMR
spectra of complex glycans, especially in biantennary structures
which display the same sugar repetitions in the two antennae,
makes the analysis far from trivial.28

Fittingly, clear STD signals were observed for the tri-
LacNAc-containing biantennary N-glycan 13 in the presence of
the four hemagglutinin variants. Therefore, the experiments
allowed the detection of the recognition event. In all cases, the
higher STD intensities belong to the sialic acid signals (Figure
3 and 4).
However, there are marked differences in the STD pattern of

the variants (Figures 4 and S4). For A/CA/04/09 and A/Bris/
18, large STD effects were detected for the acetyl groups of

Figure 3. (A) Structure of the tri-LacNAc biantennary N-glycan employed in the NMR binding experiments. (B) Reference spectrum (off
resonance) and STD NMR spectrum of the tri-LacNAc glycan in the presence of H1 A/CA/04/09 hemagglutinin. The signals of the hydrogens
that appear in the STD spectrum are labeled with the proton number and the corresponding number of the glycan ring where they are located.
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GlcNAc 9 and 9′ and, although with a smaller intensity, the
signals corresponding to H4 of the internal Gal units
(8,8′,6,6′) were also observed (Figure S4). Therefore, it can
be unambiguously concluded that the H1 A/CA/04/09 and
A/Bris/18 variants interact not only with the exposed sialic
acid moiety but also with the internal glycan units, which all
together display an extended binding epitope (Figure S5).
In contrast for A/NC/20/99 and A/Taiwan/1/13 H6

G225D mutants, the STD NMR signal of the acetyl group of
GlcNAcs 9 and 9′ is highly decreased with respect to that of A/
CA/04/09 (Figure 4D), while the STD signal of H4 of the
internal Gal moieties is very weak for A/NC/20/99 and

cannot be even detected for the H6 G225D mutant (Figure
S4). Therefore, these A/NC/20/99 and H6 G225D variants
show significantly less interaction with the internal glycan
units, and basically, only the terminal sialic acid is the
interacting epitope. Interestingly, these NMR-based results are
in full agreement with the X-ray structures described for A/
Taiwan/1/13 H6 G225D17 and A/CA/04/0929 in complex
with short-chain glycans (PDB codes: 5T0B and 3UBE, Figure
4A,B, respectively). The internal GlcNAc (blue color Figure
4B) is much closer to the protein surface in A/CA/04/09 (ca.
distance between the 2-acetamido nitrogen to carboxyl oxygen
of Asp190 is 3.0 Å) than in H6 G225D (ca. distance between

Figure 4. (A) Expansion of the binding site of the X-ray crystallographic structure of H6N1 G225 D in complex with a trisaccharide, PDB code
5T0B (B) X-ray crystallographic structure of A/CA/04/09 bound to a pentasaccharide PDB code 3UBE (only four glycan units could be modeled
in the electron density). (C) Computational model of the complex formed by the ligand displaying a tri-LacNAc motif with A/CA/04/09 based on
the PDB code 3UBE. (D) Comparison of the STD NMR spectra (acetyl group region) recorded for the tri-LacNAc biantennary N-glycan 13 in the
presence of the four hemagglutinins characterized in this work. The STD intensities are normalized to the highest signal that is the acetyl group of
sialic acid.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.2c00664
JACS Au 2023, 3, 868−878

872

https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00664/suppl_file/au2c00664_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00664/suppl_file/au2c00664_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00664/suppl_file/au2c00664_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00664/suppl_file/au2c00664_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00664?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00664?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00664?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00664?fig=fig4&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.2c00664?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the 2-acetamido nitrogen to the closer methyl group of V190 is
6.8 Å). Indeed, this closer proximity is due to the stabilizing
interactions of the Asp190 carboxyl group with both 2-
acetamido of GlcNAc and the 2-hydroxyl group of the adjacent
internal Gal moiety.29 On the other hand, the H6 G225D
variant cannot establish these interactions, since position 190
contains a valine residue. All these features are fully in line with
the absence of the STD signal for the internal Gal unit.
Additional LacNAc Moieties Stabilize Receptor Binding

As a further step, to explore the effect of the number of
LacNAc repeats in the recognition, the interactions of a di-
LacNAc biantennary glycan with A/CA/04/09 and H6 G225D
variants were characterized, and the STD intensities were
compared to those measured for the tri-LacNAc analogue
(Figure S6). For A/CA/04/09, the STD effect of the acetyl
groups of the GlcNAc units 7 and 7′ (corresponding to 9, 9′ in
the tri-LacNAc glycan) significantly decreases (from 86 to
48%, the values are normalized with respect to the highest
signal that corresponds to the acetyl group of sialic acid that is
considered 100%) in the di-LacNAc respect to the tri-LacNAc
glycan. Thus, it can be deduced that the presence of the
additional LacNAc repeat in the tri-LacNAc glycan increases
the stabilizing interactions of the internal units.
It is tempting to hypothesize that a favorable bidentate

binding (Figure S7) can only take place in the tri-LacNAc
biantennary N-glycan since the length of the di-LacNAc repeat
does not allow for simultaneous binding of two sialic acid
moieties at their binding sites within the same hemagglutinin
trimer.5 However, according to the array data discussed above,
a high response is also observed for the recognition of the
asymmetric glycan 15 (with just one arm containing three
LacNAc repeats) by A/CA/04/09. Therefore, the tri-LacNAc
glycans display a preferred interaction with this variant and do
not require the existence of a bidentate binding event. In this

context, the interaction of a tri-LacNAc chain to A/CA/04/09
(Figure 4C) was modeled using the available X-ray crystallo-
graphic coordinates for the lectin (PDB 3UBE) using
computational chemistry tools. According to the obtained
model, the glycan can establish interactions along the protein
surface that are in complete agreement with the existence of an
extended binding epitope in this variant in full agreement with
the NMR results. Alternatively, this trend is not observed for
the H6N1 variant, where only weak STD NMR signals were
detected for the internal units, either using the tri-LacNAc or
di-LacNAc biantennary glycans.
Using a Terminal Epitope as a Competitor Uncovers the
Relative Binding Affinities

Finally, to further confirm the binding preferences and to
derive the relative binding affinities of the different glycans,
which contain the same monosaccharide units but within
chains with different lengths, a new NMR protocol was
devised. The major drawback of the standard NMR experi-
ments is that the resonance signals of the monosaccharides
within the glycans with different lengths appear at the same
chemical shift, and therefore, it is not possible to detect
individual signals for each of them. Thus, an α2-6 sialylated
trisaccharide conjugated to a lanthanide binding tag was
synthesized (Scheme 1) and used as a molecular probe to
perform competition experiments.
The use of lanthanides in NMR-based structural studies

started in the metalloprotein field by exchanging the natural
metal for a paramagnetic lanthanide, such as Tb3+ or Dy3+.30

The method was further extended to other systems by
employing diverse lanthanide binding tags that were covalently
attached to the target molecule.31 The paramagnetic nucleus
induces chemical shift changes (pseudo contact shifts, PCS) in
the NMR signals of the molecule. These PCS contain valuable
structural information since they depend on the distance

Scheme 1. Synthesis of α2-6 Sialylated Trisaccharide Probe Bearing a Lanthanide Binding Tag
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between the NMR-active nuclei and the paramagnetic ion, as
well as on the shape of the paramagnetic susceptibility tensor
that is characteristic of each lanthanide.32 In the last years, this
method has also been applied to the analysis of complex
saccharides, including multiantenna glycans.28,33,34

Thus, following this concept, the target trisaccharide was
synthesized as described in Scheme 1. In brief, compound 16
was obtained from chelidamic acid through six reaction steps
as described by Qi et al.35 A Sonogashira coupling with
trimethylsilylacetylene and further removal of the TMS group
gave 17 in 60% yield for these two steps. On the other hand, 6-
sialyl lactose was treated with DMC (2-chloro-1,3-dimethyl-1-
H-imidazolium chloride), NaN3, and DIPEA in water at 0 °C
to give rise to the corresponding β-azido derivative 18 (96%),
without the need to protect the sugar moiety.36 Following a
CuAAC coupling procedure, the 6-sialyl lactose azide
derivative 18 was coupled with the PyMTA derivative 17.
The synthesis was finished by deprotection of the carboxy

groups with NaOH in MeOH and water, isolating 19 with a
yield of 70% for the final two steps, Scheme 1.
Thus, 1H and 1H−13C HSQC NMR spectra for trisaccharide

19 were recorded upon addition of dysprosium trichloride to
the NMR tube (Figure 5). The standard 1D 1H NMR
experiment showed a spectacular increase in signal dispersion,
displaying the NMR signals of the Glc moiety attached to the
lanthanide tag at negative chemical shifts (for instance, H3 Glc
appears at δ −2.7 ppm). Actually, the overlaid of the 1H−13C
HSQC spectra of a tri-LacNAc biantennary N-glycan with the
trisaccharide derivative loaded with dysprosium shows the
signals of both glycans in spectral regions that are clearly
differentiated (Figure 5A). Therefore, it is possible to perform
competition experiments under these experimental conditions.
Thus, the STD NMR spectrum of the trisaccharide probe was
acquired in the presence of two hemagglutinin variants H1 A/
NC/20/99 and H1 A/CA/04/09. In both cases, STD signals
were clearly detected, confirming the interaction (blue spectra,

Figure 5. (A) Overlaid of the edited 1H−13C HSQC spectrum of the tri-LacNAc biantennary glycan (red/orange colors) with the spectrum of the
trisaccharide probe loaded with dysprosium (black/blue colors). (B,C) STD competition experiments of the trisaccharide probe with a biantennary
tri-LacNAc glycan in the presence of H1 A/NC/20/99 and H1 A/CA/04/09, respectively.
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Figure 5B and 5C). In the next step, 0.5 equivalents of the tri-
LacNAc biantennary glycan were added to each sample.
The STD NMR signals of the trisaccharide probe showed a

significant decrease in their intensities, while STD NMR
signals for the tri-LacNAc glycan appeared. This evidence
strongly suggests that both molecules compete for the same
hemagglutinin binding site and that the longer glycan is
replacing the probe. Given the use of sub-stoichiometric
amounts of the tri-LacNAc moiety, it can be assessed that both
HAs display higher affinity for the long-chain glycan than for
the trisaccharide. The analysis of the data also permitted us to
point out that STD signal intensities observed for the
biantennary tri-LacNAc are stronger in the presence of H1
A/CA/04/09 than in the presence of A/NC/20/99 (Figure
5C). Indeed, A/CA/04/09 is the variant that also displays
higher effects on the STD NMR experiments with the tri-
LacNAc biantennary N-glycan described above (Figure S9).
The STD experiment of compound 19 was also acquired in the
absence of the metal to detect the signals of the tag that
disappear in the presence of dysprosium due to the
paramagnetic relaxation enhancement effect induced by the
metal. No STD signals were detected for the protons of the
chelating unit, pointing out that the lanthanide tag does not
interact with the protein (Figure S8).

■ DISCUSSION AND CONCLUSIONS
Both NMR and glycan array analysis allow detecting the
recognition of α(2-6) long chain glycans by the H1 and H6
hemagglutinins characterized in this work. The binding of
these hemagglutinins to ferret respiratory tissues reveals that
these glycans are present in the upper respiratory tract,
probably enabling efficient viral transmission.
Interestingly, we detect differences in the recognition pattern

of seasonal (A/NC/20/99) and pandemic (A/CA/04/09)
hemagglutinin variants. The A/NC/20/99 strain interacts with
short chains according to the array (Figure 1) (7−9) and
tissue binding data, supporting previous data on the
promiscuous specificity of A/NC/20/99.37 This result
correlates with weak STD effects for the internal units of the
tri-LacNAc glycan in NMR experiments that explains the lack
of strong selectivity for long-chain glycans in this variant. In
contrast, pandemic A/CA/04/09 displays a clear preference
for long chains according to array data, and this result
correlates with extended binding epitopes detected by NMR,
where not only the sialic acid but also the GlcNAcs 9,9′ in the
tri-LacNAc glycan display strong STD effects. Moreover, the
interaction with the internal galactoses is also detected. A
similar binding epitope was obtained for A/Bris/18 that results
from the evolution of A/CA/04/09 during the last decade.
Therefore, pandemic H1 maintains specificity for N-glycans
with sialylated di-LacNAc and longer structures. NMR
competition experiments confirmed the higher affinity of the
tri-LacNAc structure than the short model compound, sialyl
lactoside trisaccharide derivative 19, when bound to the A/
CA/04/09 variant. In addition, both NMR and glycan array
data show that A/CA/04/09 maintains binding to di-LacNAc
glycans in contrast to H3N2 contemporary viruses in which
this binding property is lost.4

H6N1 strain displays a lower response overall in array data
and less interaction with the tri-LacNAc internal units than A/
CA/04/09 according to STD NMR experiments. Therefore,
this variant is less efficiently adapted to recognize long-chain
glycans, and this is perhaps another barrier to sustained

human-to-human transmission. If this is the case for other
subtypes that can cause zoonotic infections, it remains to be
explored. However, this H6 G225D protein can bind ferret
upper respiratory tract tissues and is therefore primed to
transmit between ferrets and therefore probably in humans.
Herein, the potential of combining NMR with glycan array

data to characterize the binding preferences of hemagglutinins
from different viruses is shown. Interestingly, pandemic H1
variants have evolved to recognize long-chain glycans with at
least two LacNAc repeats. The HAs studied in this work bound
to ferret upper respiratory tract tissue; therefore, this tissue
expresses complex N-glycans with multiple LacNAc repeats,
confirming its suitability as an animal model for human
influenza A viruses.
In addition, a trisaccharide probe bearing a lanthanide

binding tag has been designed to perform NMR competition
experiments. This probe allows to discriminate the NMR
signals, that otherwise will overlap, of common residues in
sialylated glycans with different lengths toward HA, and it can
be applied to explore the binding preferences of other lectins
that recognized sialylated glycans.

■ MATERIALS AND METHODS

Trimeric HA Expression Plasmid Generation
Recombinant trimeric influenza A virus hemagglutinin proteins were
cloned using Gibson assembly from cDNAs encoding codon-
optimized open reading frames. The pCD5 expression vector was
adapted so that after the signal sequence, HA-encoding cDNAs are
cloned in frame with a GCN4 trimerization motif (KQIED-
KIEEIESKQKKIENEIARIKK), a tobacco etch virus (TEV) cleavage
site, a fluorescent reporter open reading frame, and the Strep-tag II
((WSHPQFEKGGGSGGGSWSHPQFEK); IBA, Germany).25,38

Protein Expression and Purification
Expression vectors were transfected into HEK293S GnTI cells with
polyethyleneimine I (PEI) in a 1:8 ratio (μg DNA:μg PEI) as
previously described.25,38 The transfection mix was replaced after 6 h
by 293 SFM II suspension medium (Invitrogen, 11686029)
supplemented with glucose 2.0 g/L, sodium bicarbonate 3.6 g/L,
primatone 3.0 g/L (Kerry), 1% glutaMAX (Gibco), 1.5% dimethyl
sulfoxide, and 2 mM valproic acid. Culture supernatants were
harvested 5 days post-transfection. Proteins were purified with
sepharose Strep-Tactin beads (IBA Life Sciences) as previously
described.
Glycan Microarray Binding of HA
The glycan microarray as earlier presented was already utilized.4 HAs
were pre-complexed with mouse anti-Strep-tag-HRP and goat anti-
mouse-Alexa555 antibodies in a 4:2:1 molar ratio. Respectively, in 50
μL phosphate-buffered saline (PBS) with 0.1% Tween-20. The
mixture was incubated on ice for 15 min and then on the surface of
the array for 90 min in a humidified chamber. Then, slides were rinsed
successively with PBS-T (0.1% Tween-20), PBS, and deionized water.
The arrays were dried by centrifugation and immediately scanned as
described previously. Processing of the six replicates was performed
by removing the highest and lowest replicate and subsequently
calculating the mean value and standard deviation over the four
remaining replicates.
Fluorescent Protein Histochemistry
Sections of formalin-fixed, paraffin-embedded chicken (Gallus gallus
domesticus), pig bronchus, and ferret were obtained from the
Department of Veterinary Pathobiology, Faculty of Veterinary
Medicine, Utrecht University, the Netherlands. Protein histochemis-
try was performed as previously described.39 In short, tissue sections
of 4 μm were deparaffinized and rehydrated, after which antigens were
retrieved by heating the slides in 10 mM sodium citrate (pH 6.0) for
10 min. When indicated, neuraminidase treatment was performed for
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18h at 37 °C with Vibrio cholerae neuraminidase (Roche,
#11080725001) in 10 mM potassium acetate buffer, 0.1% Triton X-
100, pH 4.2. Tissues were blocked overnight at 4 °C using 3% BSA
(w/v) in PBS with 0.1% Tween-20 and subsequently stained using 5
μg/mL of pre-complexed HAs, as previously described for the glycan
microarray. Lectin stains were performed with Erythrina cristagalli
lectin (ECA, 1 μg/mL, B-1145-5, Vector Laboratories) and Sambucus
nigra lectin (SNA, 2 μg/mL, B-1305-2, Vector Laboratories)
precomplexed with the streptavidin-Alexa Fluor 488 conjugate
(Invitrogen, #S11223, 0.2 and 0.4 μg/mL, respectively) and incubated
for 90 min. Counterstain was performed with DAPI for 5 min at room
temperature. The stained tissues were covered with cover slides using
FluorSave (Merck Millipore).
NMR
STD NMR spectra were acquired in deuterated buffer TRIS-d11 50
mM, NaCl 100 mM pD 8.02 at 288 K using a Bruker 600 MHz
spectrometer equipped with a cryoprobe. The glycan concentration
was 0.3 mM, and the glycan/protein ratio was 40:1 for all HA
variants. The experiments were performed with 2048 scans and 50 ms
of saturation time. The on-resonance frequency was set to −0.3 ppm,
and the off-resonance frequency was set at 100 ppm.
Competition experiments were acquired with samples of

sialyllactose derivative 0.3 mM loaded with dysprosium. A
sialyllactose/protein ratio of 40:1 was used for both A/CA/04/09
and A/NC/20/99 samples. tri-LacNAc biantennary N-glycan was
added to these samples to a final concentration of 0.15 mM. STD
experiments were acquired in the absence and in the presence of tri-
LacNAc biantennary N-glycan with 4096 scans and a 50 ms saturation
time. The on-resonance frequency was set at 6.5 ppm, and the off-
resonance frequency was set at 100 ppm.
3D Models
The model of a TriLacNAc structural motif bound to H1 A/CA/04/
09 was built by the superimposition of the coordinates of one of the
arms of the triLacNAc biantennary structure obtained by molecular
dynamics by Prof. Robert Woods’ group in complex with an H3N2
hemagglutinin variant5 (model coordinates kindly provided by Dr.
Oliver Grant) onto the X-ray structure of A/CA/04/09, PDB code
3UBE, G chain.
Synthesis of the diLacNAc and triLacNAc Biantennary
Glycans for NMR Studies
The synthesis of these glycans was carried out following the already
described synthetic protocol by Nycholat et al.40

Synthesis of the Trisaccharide Probe
All chemicals were obtained from Aldrich/Merck (St. Louis, MO,
USA), VWR (Radnor, PA, USA), and Fluorochem (Derbyshire, UK).
TLC analyses were performed on Merck silica gel 60 F254 plates
using phosphomolybdic acid or anisaldehyde and heat for detection.
Silica gel NORMASIL 60 40−63 μm was used for flash
chromatography. The detailed synthetic protocol and the compound
characterization are given in the Supporting Information.
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