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Abstract

Real-time interaction analysis of H1 hemagglutinin from influenza A HIN1 (A/New York/18/2009)
and H7 hemagglutinin from influenza A H7N7 (A/Netherlands/219/03) with sialylated neoglycolipids
(neoGLs) was performed using the surface acoustic wave (SAW) technology. The produced neoGLs
carried phosphatidylethanolamine (PE) as lipid anchor and terminally sialylated lactose (Lc2, Galg1-
4Glc) or neolactotetraose (nLc4, Galp1-4GlcNAcB1-3GalB1-4Glc) harboring an N-acetylneuraminic
acid (NeubAc). Using «2-6-sialylated neoGLs, H1 and H7 exhibited marginal attachment toward
IIENeubAc-Lc2-PE, whereas Sambucus nigra lectin (SNL) exhibited strong binding and Maackia
amurensis lectin (MAL) was negative in accordance with their known binding preference toward a
distal Neu5Ace2-6Gal- and Neu5Acw2-3Gal-residue, respectively. H1 revealed significant binding
toward IVéNeu5Ac-nLc4-PE when compared to weak interaction of H7, whereas SNL showed strong
and MAL no attachment corresponding to their interaction specificities. Additional controls of MAL
and SNL with «2-3-sialylated IIF'Neu5Ac-Lc2-PE and IV3Neu5Ac-nLc4-PE underscored the reliability
of the SAW technology. Pre-exposure of model membranes spiked with «2-6-sialylated neoGLs
to Vibrio cholerae neuraminidase substantially reduced the binding of the hemagglutinins and
the SNL reference. Collectively, the SAW technology is capable of accurate measuring binding
features of hemagglutinins toward neoGL-spiked lipid bilayers, which can be easily loaded to the
functionalized biosensor gold surface thereby simulating biological membranes and suggesting
promising clinical application for influenza virus research.
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Introduction

Influenza (commonly known as “flu”) is an infectious respiratory
disease and typically characterized by annual seasonal epidemics
and sporadic pandemic outbreaks caused by influenza A strains of
zoonotic origin (Krammer et al. 2018). Annual epidemics of influenza
are estimated to account for ~1 billion infections, 3—5 million cases of
severe illness and half million deaths worldwide per year (Krammer
et al. 2018). The 2009 influenza A/HIN1 pandemic virus originated
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in pigs (as “mixing vessels”) prior to infecting humans (Shapshak
et al. 2011). Infections of poultry and humans with H7 subtypes
have increased markedly in the past and mild to fatal infections
were caused by zoonotic important H7 subtypes including H7N7
(Abdelwhab et al. 2014).

There are two principal viral surface glycoproteins (outer
“spikes”), the hemagglutinin (H) and the neuraminidase (N), which
are utilized to categorize and group influenza viruses (Arias et al.
2009). Sialic acid linked to glycoproteins and gangliosides is exploited
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by the hemagglutinin of influenza A viruses as a receptor for cell entry
and variations in the receptor specificity are important determinants
for host range, tissue tropism and transmissibility of these viruses (Liu
et al. 2010; Matrosovich et al. 2015). Avian viruses most commonly
bind to sialic acid linked @2-3 to galactose, whereas human viruses
bind to sialic acid in «2-6 configuration (Matrosovich et al. 1997; Air
2014). However, sialic acid linkage alone is insufficient to establish
a correlation between receptor specificity of hemagglutinin and the
efficient transmission of influenza A viruses, which goes beyond the
sialic acid linkage (Viswanathan et al. 2010).

Based on the fabrication of neoglycolipids (neoGLs) (Feizi 2000),
a unique carbohydrate microarray system has been developed based
on noncovalent immobilization of neoGLs on nitrocellulose-coated
glass slides as a powerful means of discovering oligosaccharide lig-
ands for carbohydrate-binding proteins (Liu et al. 2012; Feizi 2013)
and deciphering the meta-glycome (Palma et al. 2014; Li and Feizi
2018). Microarrays endowed with neoGLs have been successfully
applied to a number of host-pathogen recognition studies aimed
at identification of altered binding specificities of hemagglutinins
derived from influenza A viruses (Childs et al. 2009; Liu et al. 2010;
Crusat et al. 2013). When compared to natural glycosphingolipids,
neoGLs harboring a consistent phosphatidylethanolamine (PE) lipid
anchor (Pohlentz and Egge 1994) are advantageous for recognition
studies, because an effect of lipid heterogeneity on the recognition
process can be excluded (Campanero-Rhodes et al. 2007).

Here we report for the first time on real-time interaction
analysis of H1 hemagglutinin from influenza A HIN1 (A/New
York/18/2009) and H7 hemagglutinin from influenza A H7N7
(A/Netherlands/219/03) with sialylated neoGLs using surface
acoustic wave (SAW) technology. The hemagglutinin binding features
were determined in comparison to Maackia amurensis lectin (MAL)
and Sambucus nigra lectin (SNL) with known binding preferences
toward gangliosides with distal NeuSAca2-3Gal- and Neu5SAca2-
6Gal-residues, respectively (Johansson et al. 1999).

Results

The consistency of the amino acid sequences of commercial
hemagglutinin H1 derived from human influenza A (A/New
York/18/2009 (H1N1)) and hemagglutinin H7 derived from human
influenza A (A/Netherlands/219/03 (H7N7)) used in this study with
those deposited at the National Center of Biotechnology Information
(NCBI, Bethesda, MD, USA) is shown in the supplementary data,
Schemes 1 and 2, respectively. The sensorgrams of the middle channel
3 of the 5-channel biosensor chip are shown for each hemagglutinin
and the control lectins as representative measurements.

Interaction of hemagglutinins and reference lectins
with 1I°NeubAc-Lc2-PE

The binding profiles of H1 and H7 and of the standard lectins
MAL and SNL toward [I*Neu5Ac-Lc2-PE are displayed in Figure 1A
in comparison to those obtained by preceding treatment of the
lipid layer with Vibrio cholerae neuraminidase shown in Figure 1B.
The complete series of the 5-channel-measurements is available in
the supplementary data, Figure Fig. STA and B. The fragment ion
spectrum obtained from a collision-induced dissociation experiment
on [I°Neu5Ac-Lc2-PE (Figure 1C) clearly corroborates the proposed
structure as illustrated in the fragmentation scheme (Figure 1D).
Fragment ions containing the nonreducing end, namely B; and B,
as well as the fragment comprising the ethylamino moiety (K) verify

the saccharide sequence Neu5Ac-Gal-reductaminated Glc. Fragment
ions harboring the lipid moiety as Y1, Z1, Y, and Z indicate the
sequential loss of NeuSAc and Gal, whereas T and U correspond
to the dihexadecyl PE and phosphatidic acid residues, respectively.
The binding profile in Figure 1A exhibited a very weak attachment
of both hemagglutinins to II*Neu5Ac-Lc2-PE. In contrast, reference
SNL showed an exceptionally strong binding toward II°NeuSAc-
Lc2-PE, whereas the control with MAL was negative. The bond
strength of H1 slightly declined by 21% and that of SNL decreased
by 48% after neuraminidase pretreatment of a2—6-sialylated Lc2-
PE, whereas H7 and MAL showed minimal but irrelevant adhesive
changes upon enzyme exposure (Figure 1B). Hence, short-duration
enzyme application toward the II°Neu5Ac-Lc2-PE-studded model
membrane indicated only a minor effect upon removal of a2-6-
linked NeuS5Ac at the disaccharide backbone in case of H1, while
desialylation considerably reduced the formerly strong attachment of
reference SNL.

Interaction of hemagglutinins and reference lectins
with IV NeubAc-nLc4-PE

The binding curves of H1 and H7 together with those of MAL and
SNL references toward the a2-6-sialylated PE-linked tetrasaccha-
ride together with the binding curves obtained by precedent treat-
ment with V. cholerae neuraminidase are shown in Figure 2A and B,
respectively. The entire set of the 5-channel-measurements is provided
in the supplementary data, Figure Fig. S2A and B. The MS? spectrum
of the produced IV®NeuSAc-nLc4-PE (Figure 2C), supported by the
explanatory fragmentation scheme (Figure 2D), yielded the Y series
ions Y3,Y,,Yq and Y in combination with fragment T (dihexadecyl
phosphatidylethanolamine moiety) demonstrating the sequential loss
of Neu5Ac, Gal, GlcNAc, Gal, and reduced Gle, thus approving the
monosaccharide sequence. The same holds true for the reductethy-
laminated oligosaccharide fragment K and the double fragmentations
Y3/K, Y,/K, Y{/K and Yy/K, respectively. The adhesion profile of
H1 and H7 (Figure 2A) evidenced sizeable binding of H1 and low
binding of H7 toward IV®NeuSAc-nLc4-PE. Application of SNL
resulted in a very strong attachment toward the «2-6-sialylated PE-
linked tetrasaccharide and MAL did not bind at all. Importantly,
the binding strength of H1 toward IV®Neu5Ac-nLc4-PE was signif-
icantly higher than that of H7. The bond strength of H1 and H7
dropped by 68% and 12%, respectively, and that of SNL decreased
by 27% after neuraminidase exposure of a2-6-sialylated nLc4-PE
as shown in Figure 2B. Hence, short-time neuraminidase exposure
of the model membrane suggested a significant interaction of H1
with IV®NeuS5SAc-nLc4-PE, whereas H7 was involved to a lesser
extent in the interaction with the a2-6-sialylated neoGL carrying a
tetrasaccharide core.

Interaction of reference lectins MAL and SNL

with [IENeu5Ac-Lc2-PE and IV:Neu5Ac-nLc4-PE

The binding profiles of the standard lectins MAL and SNL
toward IPNeuSAc-Lc2-PE and IV3NeuS5SAc-nLc4-PE are displayed
in Figures 3 and 4, respectively. The corresponding series of the
S-channel-measurements are available in the supplementary data,
Figures Fig. S3 and Fig. S4, respectively. The MS? spectra of the
produced IPNeuS5Ac-Lc2-PE (Figure 3B) and IV3Neu5Ac-nLc4-PE
(Figure 4B) and the respective explanatory fragmentation schemes
(Figures 3C and 4C), exhibit, except for individual differences in
signal intensities, the same fragment ions as already observed for the
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Fig. 1. SAW real-time interaction of influenza A hemagglutinins and standard lectins with [I8Neu5Ac-Lc2-PE-studded model membranes before (A) and after
neuraminidase treatment (B) as well as MS? spectrum (C) and fragmentation scheme of lINeu5Ac-Lc2-PE (D).

dissociation of II°NeuS5Ac-Lc2-PE (see Figure 1) and IV®NeuSAc-
nLc4-PE (see Figure 2). MAL exhibited a weak but significant
positive reaction with a2-3-sialyletd II’NeuSAc-Lc2-PE, while SNL
was negative (Figure 3A). The interaction analysis of terminally
a2-3-sialylated IV3NeuSAc-nLc4-PE with MAL revealed strong
binding, whereas SNL was again negative (Figure 4A). These control
experiments underscored the reliability of the SAW technology for
unraveling the fine binding characteristics of lectin-carbohydrate
interactions.

Conclusion

The SAW technology allows for precise characterization of binding
features of lectin-carbohydrate interactions as shown for two hemag-
glutinins derived from influenza A viruses and two plant lectins that
served as controls based on their known binding specificities.

Discussion

The binding specificities of H1 and H7 hemagglutinins derived
from human pathogenic influenza A HIN1 (A/New York/18/2009)
and influenza A H7N7 (A/Netherlands/219/03), respectively, were
evaluated in comparison to MAL and SNL due to their known
binding preference toward NeuSAca2-3Gal- and NeuSAca2—-6Gal-
residues, respectively (Johansoon et al. 1999). The employed two
a2-6-sialylated neoGLs with Lc2- and nLc4-core allowed for deter-
mining a fine characterization regarding specificity in binding and
strength in interaction of the viral hemagglutinins H1 and H7 toward
short linear receptor candidates. Hemagglutinins and reference lectins

were applied in functionally adequate concentrations of 250 nM
based on previous experience obtained with bacterial Shiga toxins
(Steil et al. 2018). Both hemagglutinins exhibited only irrelevant
attachment to II°Neu5Ac-Lc2-PE with disaccharide core, whereas the
control lectin SNL exhibited strong reaction and MAL no binding at
all thereby corroborating the feasibility and reliability of the SAW
approach. On the other hand, H1 strongly bound to IV®NeuSAc-
nLc4-PE with tetrasaccharide core as well as SNL (whereby the MAL
reference was again negative), whereas H7 showed only low binding
intensity. However, the utilized short linear receptor portions, i.e. a
sialylated di- and tetrasaccharide, are more likely inadequate for a
detailed analysis of the H1 and H7 fine specificities, because human
virus hemagglutinins bind vastly preferentially to extended glycan
receptors with a number of GalB1-4GlcNAc-repeats beneath the
terminal a2—6-sialoside moiety (Miller-Podraza et al. 2000; Matroso-
vichetal.2009; Peng et al. 2017). Importantly, it should be mentioned
as a cautionary note that a protein label such as polyhistidine tag
or biotin can influence specificity of interaction analysis through
possible charge effect or spatial hindrance. Thus, future employment
of the SAW technology is aimed at analyzing extended receptors, par-
ticularly «2-6-linked sialosides, in order to properly contextualize the
data. Nevertheless, short-term exposure of the neoGLs II°NeuSAc-
Lc2-PE and IV*NeuSAc-nLc4-PE toward V. cholerae neuraminidase
resulted in abolished binding of control SNL and in case of H1
hemagglutinin to reduced binding to IV¢Neu5Ac-nLc4-PE, indicating
the utility of the SAW approach to recognize enzyme-caused changes
of receptor structures. Noteworthy, we used HEPES buffer with a pH-
value of 7.5 and performed short-time enzyme exposure of 30 min
to exclude any influence of the acetate buffer with pH 5.5 usually
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Fig. 2. SAW real-time interaction of influenza A hemagglutinins and standard lectins with IV8Neu5Ac-nLc4-PE-studded model membranes before (A) and after
neuraminidase treatment (B) as well as MS? spectrum (C) and fragmentation scheme of IVENeu5Ac-nLc4-PE (D).

employed in this enzyme assay. Comparable to our study, well known
real-time binding experiments of influenza viruses toward sialylated
glycosphingolipids embedded in lipid bilayers have been performed
using the quartz crystal microbalance (Sato et al. 1996) or the surface
plasmon resonance technology (Hidari et al. 2007). Similarly, the
SAW technology is capable of accurately provide real-time readouts
measuring binding of compounds involved in biomolecular interac-
tion using gold-coated sensors (Hofs and Bendas 2017). Biomimetic
model membranes composed of defined lipids or lipid raft-analogous
membrane preparations can be easily formulated into vesicles and
loaded to the biosensor surfaces (Steil et al. 2018; Detzner et al.
2020). Furthermore, the ability to functionalize commercially avail-
able sialoside analogs as neoGLs under relatively simple one-step
conditions stands in contrast to comparable technologies such as
the surface biolayer interferometry technology requiring far more
complex chemistry to adequately functionalize reduced-end sug-
ars typically using streptavidin-coated sensors in conjunction with
biotinylated ligands (Carvalho et al. 2017). Overall, the SAW method
presented will be appealing using this far more accessible and less
labor-intensive method.

Materials and Methods

Glycans and chemicals for synthesis of neoglycolipids

(neoGLs)

The sialylated disaccharides 3’-sialyllactose (II’°Neu5Ac-Lc2, sodium
salt, min 98%; synonym: 3’-SL; Carbosynth Ltd, Compton, UK;
cat. 0S04397) and 6’-sialyllactose (II°NeuSAc-Lc2, sodium salt,
min 98%; synonym: 6'-SL; Carbosynth Ltd; cat. 0S04398) were

employed for synthesis of II’NeuSAc-Lc2-PE and II°NeuSAc-
Lc2-PE, respectively. The compound 1,2-dihexadecyl-sn-glycero-3-
phosphoethanolamine, >99.0% (PE) from Sigma-Aldrich Chemie
GmbH (Munich, Germany; cat. 37,161) served as lipid anchor for
the synthesis of the neoGLs according to a previously published
procedure (Pohlentz and Egge 1994). The sialylated tetrasaccharides
3/-sialyllacto-N-neotetraose (IV3NeuSAc-nLc4, >90%; synonyms:
LS-tetrasaccharide d, sialyllacto-N-tetraose d; abbr. LST d; Elicityl,
Crolles, France; cat. GLY083) and 6'-sialyllacto-N-neotetraose
(IV®NeuSAc-nLc4, min 95%; synonyms: LS-tetrasaccharide c,
sialyllacto-N-tetraose c¢; abbr. LST ¢; Carbosynth Ltd, cat. OL06570)
were used for synthesis of IV3Neu5SAc-nLc4-PE and IVéNeuS5Ac-
nLc4-PE, respectively. The synthesized neoGLs were denoted
following the IUPAC-IUB recommendations (1978). Methanol and
chloroform were purchased from Carl Roth GmbH (Karlsruhe,
Germany) and were of HPLC grade purity. Dimethylsulfoxide
(DMSO) BioReagent (>99.9%) and sodium cyanoborohydride,
reagent grade (NaBH3CN) were from Sigma-Aldrich (cat. D8418
and 156159, respectively).

Synthesis of IENeubAc-Lc2-PE and II°Neu5Ac-Lc2-PE

The amount of 111 mg of II’Neu5Ac-Lc2 or II°NeuSAc-Lc2 was
suspended in 500 pL of DMSO, and 3.5 mL of methanol were added.
A volume of 13.5 mL of a PE solution adjusted to 10 mg/mL in
chloroform/methanol (2/1, v/v) was applied and the mixture was
shaken for 2 h at 60°C. Eight 500 pL portions of a newly prepared
NaBH3CN solution (10 mg/mL in chloroform/methanol (1/1, v/v)
containing 1% acetic acid) were added one after another over 16 h
and the mixture was heated to 60°C. After solvent evaporation
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Fig. 3. SAW real-time interaction of MAL and SNL standard lectins with
I3Neu5Ac-Lc2-PE-studded model membranes (A) together with the MS?2
spectrum (B) and fragmentation scheme of II3Neu5Ac-Lc2-PE (C).

the residue was redissolved in water, dialyzed and freeze-dried. The
procedure yielded 212.1 and 217.3 mg of II’°Neu5Ac-Lc2-PE and
II°NeuS5Ac-Lc2-PE, respectively.

Synthesis of IV*Neu5Ac-nLc4-PE

and IVéNeub5Ac-nLc4-PE

The amounts of 28 mg of IV’NeuSAc-nLc4 and 24.5 mg of
IV®NeuS5Ac-nLc4 were dissolved in 125 pL of DMSO and 875 pL
of methanol, mixed with 2.2 and 1.9 mL of a solution of PE
[10 mg/mL in chloroform/methanol (2/1, v/v)], respectively. The
mixture was then shaken for 2 h at 60°C. Afterwards eight 200 pL
portions of a newly prepared NaBH3CN solution (10 mg/mL in
chloroform/methanol (1/1, v/v) containing 1% acetic acid) were
added stepwise, followed by keeping the mixtures for a time period
of 16 h at 60°C. For completing the conversions, 1.5 mL of the PE
solution and five 200 pL aliquots of freshly prepared NaBH3CN
solution were added, and the reaction was allowed to progress for

Fig. 4. SAW real-time interaction of MAL and SNL standard lectins with
IV3Neu5Ac-nLc4-PE-studded model membranes (A) together with the MS?
spectrum (B) and fragmentation scheme of IV3Neu5Ac-nLc4-PE (C).

further 16 h at 60°C. The yield after vaporization of the solvent,
dialysis and freeze-drying was 42.4 and 39.5 mg of IV3NeuSAc-
nLc4-PE and IVéNeuSAc-nLc4-PE, respectively.

Mass spectrometry

The produced neoGLs were taken up in chloroform/methanol (2/8,
v/v). Electrospray-ionization MS analysis was performed using
a SYNAPT G2-S mass spectrometer (Waters, Manchester, UK)
endowed with a Z-spray source. NeuSAc-Lc2-PE and NeuSAc-
nLc4-PE species were analyzed in the negative ion and positive ion
sensitivity mode, respectively (Steil et al. 2015; Pohlentz et al. 2019).

Preparation of vesicles employed

as model membranes

Small unilamellar vesicles were prepared with 1,2-dioleoyl-sn-
glycero-3-phosphatidylcholine (DOPC; Sigma-Aldrich, Steinheim,
Germany; cat. P6354), cholesterol (Sigma—Aldrich; cat. C8667),
sphingomyelin derived from calf brain (Steil et al. 2018), and
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the produced neoGLs IPPNeuSAc-Lc2-PE, II°NeuSAc-Lc2-PE,
IV3NeuSAc-nLc4-PE, or IV*NeuSAc-nLc4-PE (see above). Vesicles
were composed of the matrix lipids DOPC, sphingomyelin,
cholesterol and the respective neoGL in a 6:1:2:1 ratio (each by
weight) as recently described (Steil et al. 2018; Detzner et al. 2020).

SAW real-time interaction analysis

Label-free measurement was performed using the SAM®S blue sur-
face acoustic wave (SAW) instrument (SAW Instruments GmbH,
Bonn, Germany) equipped with a 5-channel configuration as pre-
viously described (Steil et al. 2018; Detzner et al. 2020). Briefly,
the gold surface of the biosensor chips was functionalized with 11-
mercaptoundecanoic acid. After loading of the chips with the model
membranes, hemagglutinins and standard lectins were applied with
concentrations of 250 nM in HEPES buffer (pH 7.5) supplemented
with 0.1 mM CaCl,. Changes in the phase shift ¢ were monitored
online (Steil et al. 2018; Detzner et al. 2020). In case of precedent neu-
raminidase treatment, the model membrane was exposed for 30 min
before the adhesion assay to V. cholerae neuraminidase (Sigma—
Aldrich; cat. N7885; EC 3.2.1.18) in HEPES buffer supplemented
with 9 mM CaCl, using an enzyme concentration of § mU/mL.

Influenza hemagglutinins and standard lectins

The H1 hemagglutinin from influenza A HIN1 (A/New York/18/
2009) (cat. 40009-V08B-50, NCBI accession ACR08536.1) and the
H7 hemagglutinin from influenza A H7N7 (A/Netherlands/219/03)
(cat. 11082-V08B-50, NCBI accession AAR02640.2), both expressed
with a polyhistidine tag (10xHis) at the C-terminus, were from
Sino Biological (Wayne, PA, USA). The amino acid sequences of
the commercial H1 and H7 were identical to those of H1 from
influenza A HIN1 (A/New York/18/2009) (Garten et al. 2009)
and H7 from influenza A H7N7 (A/Netherlands/219/03) (Fouchier
et al. 2004) deposited at the NCBI (https://www.ncbi.nlm.nih.gov/
protein/ACR08536.1 and https://www.ncbi.nlm.nih.gov/protein/
AARO02640.2, respectively) as shown in the supplementary data,
Schemes 1 and 2, respectively. Employed standard lectins, both
from Vector Laboratories, Inc. (Burlingame, CA, USA), were MAL
(biotinylated MAL II, cat. B-1265) and SNL (biotinylated SNL, cat.
B-1305).

Supplementary data

Supplementary data for this article are available online at http://
glycob.oxfordjournals.org/.
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