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Abstract: The interaction of the SARS CoV2 spike
glycoprotein with two sialic acid-containing trisacchar-
ides (02,3 and 02,6 sialyl N-acetyllactosamine) has been
demonstrated by NMR. The NMR-based distinction
between the signals of those sialic acids in the glycans
covalently attached to the spike protein and those
belonging to the exogenous 02,3 and 2,6 sialyl N-
acetyllactosamine ligands has been achieved by synthe-
sizing uniformly *C-labelled trisaccharides at the sialic
acid and galactose moieties. STD-'H,*C-HSQC NMR
experiments elegantly demonstrate the direct interaction
of the sialic acid residues of both trisaccharides with
additional participation of the galactose moieties, espe-
cially for the o2,3-linked analogue. Additional experi-
ments with the spike protein in the presence of a specific
antibody for the N-terminal domain and with the
isolated receptor binding and N-terminal domains of the
spike protein unambiguously show that the sialic acid

binding site is located at the N-terminal domain. )

[*] Dr. L. Unione,” Dr. M. J. Moure,” Dr. M. P. Lenza," |. Oyenarte,
Dr. ). Erefio-Orbea, Dr. A. Ard4, Prof. Dr. ). Jiménez-Barbero
CICbioGUNE, Basque Research & Technology Alliance (BRTA)
Bizkaia Technology Park, Building 800, 48162 Derio, Bizkaia (Spain)
E-mail: jereno@cicbiogune.es
aarda@cicbiogune.es
jjbarbero@cicbiogune.es

Dr. ). Erefio-Orbea, Dr. A. Ard4, Prof. Dr. ). Jiménez-Barbero
Ikerbasque, Basque Foundation for Science
Maria Diaz de Haro 3, 48013 Bilbao, Bizkaia (Spain)

Prof. Dr. |. Jiménez-Barbero

Department of Organic Chemistry, Il Faculty of Science and
Technology University of the Basque Country, EHU-UPV
48940 Leioa (Spain)

and

Centro de Investigacién Biomédica En Red de Enfermedades
Respiratorias (CIBERES)

28029, Madrid (Spain)

['] These authors contributed equally to this work.

 © 2022 The Authors. Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution Non-Commercial
License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used
for commercial purposes.

Angew. Chem. Int. Ed. 2022, 61, €202201432 (1 of 6)

SARS-COV-Z virus uses the heavily glycosylated Spike (S)
protein to promote cell attachment and fusion of the viral
and cellular membrane and enter the host cell. The C-
terminal domain of the S promoter contains the receptor
binding domain (RBD) that specifically recognizes angioten-
sin-converting enzyme 2 (ACE2) as main host receptor.!'
However, different studies have shown limited ACE2
expression in the human respiratory system,’” suggesting
that, besides ACE2, additional receptors may also contrib-
ute to viral attachment and infection."” For instance, some
lectins, such as DC-SIGN, L-SIGN and Siglec-1, have been
identified as enhancers of trans-infection.'''¥ The binding
of some of these lectins to the S glycoprotein has been also
demonstrated."™™ At a different level, it has been described
that several members of the Coronavirus family use
sialylated glycans, which are abundantly expressed on the
host cell surface of the respiratory tract, as attachment
points.'>!®! The S glycoproteins of the human HCoV-
0C43"¥ and HCoV-HKU1™! viruses recognize sialic acid
as sole receptor, while MERS-CoV utilizes sialosides as co-
receptors in addition to DPP4 enzyme,[''* which brings the
advantage of a two-step attachment process. Sialic acids
(Sia) are a class of acidic sugars often found at the termini
of glycans in mammalian tissues.”*?! 5-N-Acetyl neuraminic
acid (NeuSAc) is the most common form in humans, usually
attached to galactose (Gal) through either a2,3- or 02,6-
linkages, to N-acetyl galactosamine (GalNAc) in 02,6-
fashion or to another NeuSAc moiety via o2,8-linkage.
Further structural diversity can arise from modification of
the hydroxyl and N-acetyl groups.*™® This structural
diversity is crucial for coronavirus infection and for zoonosis
to human hosts.!"*%!

Within the current pandemic due to SARS-CoV-2,*
much controversy has been generated around the possibility
that Sia containing glycoconjugates on the host cell surface
could serve as attachment factors or auxiliary/co-
receptors.'®®! Indeed, although a point-of-care device,
based on a nanoparticle decorated with Neu5Ac,” has been
demonstrated to be useful to detect the presence of the
virus, other authors have neglected a major role for the
participation of Sia. Alternatively, it has been recently
proposed that the virus uses gangliosides as co-receptors to
facilitate viral entry.””! In any case, no direct experimental
evidence of the interaction of the S glycoprotein with Sia
has been presented to the scientific community. Based on
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homology, in silico studies have suggested that the N-
terminal domain (NTD) of the S glycoprotein may contain a
Sia binding site.”! In any case, no experimental proof was
presented.

Herein, we experimentally demonstrate that the S
glycoprotein of SARS-CoV-2 effectively binds NeuSAc in
both 02,3 and 02,6 sialyl N-acetyllactosamine (SLN), using
NMR spectroscopy. The S glycoprotein is highly glycosy-
lated. These glycans on the protein represent a hurdle for
NMR interaction studies with oligosaccharides, especially if
they contain terminal sialylation,"**-! as the distinction of
the NeuSAc moieties from the own glycoprotein from those
that are exogeneous represents a major challenge. There-
fore, we have synthesised and employed 02,3 and 02,6 SLN
trisaccharides, °C-labelled at the NeuSAc and Gal moieties,
allowing the use of 2D STD-'H,”C-HSQC NMR experi-
ments to detect only those STD NMR signals that
correspond to protons attached to *C atoms.”? Therefore,
the unequivocal identification of the NeuSAc glycan binders
is achieved, even for such heavily glycosylated protein.
Furthermore, we have defined the glycan binding epitope,
showing a higher contribution of the Gal ring in ¢2,3 than in
02,6 SLN to the binding. Finally, by using different protein
constructs, such as the sole RBD, the NTD and a mAb
specific for the NTD, we have also demonstrated that the
Sia binding site is, in fact, located at the N-terminal domain
of the S glycoprotein, as previously suggested.

Saturation Transfer Difference (STD NMR) experiment
is a robust method to detect ligand-receptor
interactions.”*"! There is a long history on the use of 'H-
STD NMR to characterize protein-glycan recognition
events.’>**1 However, when the receptor is a glycoprotein,
such as the S protein of SARS-CoV-2, this strategy fails
since STD NMR signals arising from the glycans covalently
linked to the protein also appear, as demonstrated in the
blank STD spectrum of the S glycoprotein alone (Figure S6).
Those NMR signals overlap with the expected 'H-STD
NMR signals of a putative glycan ligand, thus, precluding
data analysis. Recently, we presented the application of 2D
STD-'H,*C-HSQC experiments using specifically “C-la-
belled glycans to pinpoint glycan binding epitopes within
repeating oligomers.*"! The introduction of "C labels at
specific position breaks the NMR chemical shift degeneracy
that occurs in the non-labelled compound, without introduc-
ing any artificial probe. Herein, the use of the “C-labels in
the Neu5Ac moiety of the ligand molecules brings the
additional advantage that the resulting 2D STD-'H,"C-
HSQC NMR spectra are not disturbed by the signals from
the glycans attached to the protein, which are not labelled,
allowing for the specific identification of the binder (Fig-
ure S7 in Supporting Information for the blank 2D
STD-'H,"”C-HSQC experiments of the S glycoprotein, and
3'SLN* and 6'SLN*). To that scope, we first carried out the
synthesis of the sialyl N-acetyllactosamine trisaccharides
with PC-labels at the NeuSAc and Gal residues.

a2,3- and 02,6- SLN trisaccharides with *C-labelled Gal
and NeuSAc (3'SLN* and 6'SLN*) were prepared by one
pot chemo-enzymatic synthesis (Scheme 1). NeuSAc with
BC labelled C3-C9 was prepared by coupling sodium
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Scheme 1. Retrosynthesis of 2,3 and @2,6 SLN with "*C-labels on the
NeuAc (C3 to C9) and Gal (C1 to C6) residues.

pyruvate, “C labelled at C3, with N-acetyl mannosamine,
BC labelled at C1-C6, in the presence of the enzyme
aldolase. The sugar donor was obtained by reacting the
prepared “C labelled sugar with cytidine 5'-triphosphate
(CTP) in the presence of -cytidine-5-monophosphate
(CMP)-Synthetase and magnesium chloride.”” Next, com-
mercial N-acetyllactosamine uniformly '*C-labelled at the
Gal residue was treated with the synthetized CMP-Neu5Ac
in the presence of either bacterial PmST1! or mammalian
ST6Gall,* providing the labelled 02,3-SLN and a2,6-SLN
trisaccharides, respectively (see Supporting Information for
details of the synthesis).

Binding of the "*C-labelled a2,3- and ¢2,6-SLN* to the
extracellular domain of S protein was monitored through 2D
STD-'H,”C-HSQC NMR experiments. These experiments
provide STD signals only for those 'H covalently bonded to
BC-labelled nuclei of the glycans, that is, in our case, all the
protons of the Neu5Ac and Gal residues, excluding the N-
acetyl group of NeuS5Ac, which is not *C-labelled. Two
different frequencies were used to irradiate the protein, one
at the aliphatic region (6=0.8 ppm), and a second one at the
aromatic region (6=7.0 ppm). The resulting STD HSQC
spectra showed the presence of selected STD signals, clearly
indicating binding (Figure 1). For both compounds, the main
STD signals belong to NeuSAc residue, with the strongest
ones belonging to C4—H4, C5—-HS5, C6—H6, and C7-H7 cross
peaks. Weaker STD signals were detected for the C3—H3,
C8—H8 and C9-H9 of Neu5SAc. Additional STD signals
belong to the Gal ring, especially in the aromatic irradiation
experiments, which are stronger for 3'SLN* than for 6'SLN*
(Figure S10, Table S2). These data suggest that the Gal ring
is closer to the S protein in the 02,3- than o2,6-linked
sialoside. Additionally, the comparison of the STD HSQC
spectra obtained at the two different protein irradiation
frequencies showed stronger STD intensities for the aro-
matic irradiation experiment (Tables S1-S2). These results
strongly suggest that the Sia binding site of the S protein
contains aromatic residues.””)
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Figure 1. 2D STD-'H-"C HSQC NMR experiments for the interaction of the S protein of SARS-CoV-2 with A) 3'SLN* and B) 6'SLN*. On the left:
NMR spectra with aliphatic and aromatic protein irradiation. In black, the off-resonance spectrum and superimposed in orange, the STD-HSQC
spectrum. On the right: Ligand epitope mapping presented as relative STD intensities and refers to the aromatic irradiation.

The ectodomain of the S glycoprotein on SARS-CoV-2
is rather large (426 kDa). It is composed of a stalk region
(S2-subunit) and a head domain (S1-subunit), which con-
tains the RBD at the C-terminal domain and a N-terminal
domain.*! Within the controversy mentioned above, it has
been proposed that the RBD contains a Sia binding site with
preference for gangliosides.””” On the contrary, in silico
studies predicted the N-terminal domain as NeuSAc
locus.®*#*1 Thus, once demonstrated that the S protein
indeed binds Sia moieties, the NMR binding studies were
carried out with the sole RBD and NTD, independently.

The RBD of the S glycoprotein was mixed with 3'SLN*
and 6'SLN* and 2D STD-'H,”C-HSQC NMR experiments

Angew. Chem. Int. Ed. 2022, 61, €202201432 (3 of 6)

were acquired (Figure 2A). The resulting spectra did not
show any STD NMR signals, clearly suggesting no binding
of the RBD to the sialoglycans. It can be argued that the
efficacy of the magnetization transfer from any protein to its
ligand in STD NMR experiments depends, among other
factors, on the size of the protein. The receptor binding
domain is relatively small (24 kDa) which could result in less
effective STD compared to the large S trimer. Thus, as a
complementary strategy, a protein observed NMR approach
was employed. Fittingly, the RBD has been recently
produced with “N-labeling from E. coli, providing a NMR
fingerprint of the protein.*”! However, the RBD has two N-
glycosylation sites which contain complex type N-glycans

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 2. A) 2D STD-'H-"C HSQC NMR experiments of 3'SLN* and 6'SLN*

with RBD. Note the absence of signals in the STD spectra. B) 'H-""N

HSQC of "N-RBD in absence (black) and presence (orange) of 50 equivalents of 3'SLN. No chemical shift perturbations were observed.

when the protein is produced in mammalian cell culture,!

but not in E. coli. These glycans may contribute to shape the
protein 3D structure and influence the binding to sialogly-
cans. Thus, we generated the 'H-"N labelled RBD in
mammalian cell culture to ensure the complete post-transla-
tional modification (see Supporting Information, section 5).
The resulting '"H-"N HSQC NMR spectrum is fairly similar
to that obtained for the bacterial-produced protein, allowing
for mapping 60 % of the '"H-"N cross peaks. Thus, the RBD
was titrated with increasing amounts of both 3'SLN and
6’SLN up to 50 equivalents. No chemical shift perturbations
were observed for any of the '"H-"N cross peaks (Figure 2B
and Figure S11, for detailed view of the 'H-"N HSQC of
"N-RBD in absence and presence of 3'SLN). Therefore, it
can be concluded that, under these experimental conditions,
the RBD of the S protein of SARS-CoV-2 does not bind to
sialyl N-acetyllactosamine.

Next, the N-terminal domain of the S glycoprotein was
interrogated. The NTD was mixed with 3’'SLN* and 6'SLN¥,
and 2D STD-'H,”C-HSQC NMR experiments were ac-
quired (Figure 3). The resulting spectra showed STD NMR
signals, demonstrating that the NTD contains a Sia binding

site. Comparison of the STD results between the S protein
ectodomain and the NTD revealed that the two protein
constructs recognize both 02,3- and 02,6- SLN in a similar
way, with a major NeuSAc epitope and additional contribu-
tions from the Gal residue, which are again more pro-
nounced for the 02,3- than the 02,6-linked SLN (see
Supporting Information section 6.3 and Figure S8). In gen-
eral, lower STD intensities were observed with the sole
NTD than with the much larger trimeric S protein.

The sialic acid binding sites in the N-terminal domain of
the MERS, HCoV-OC43 and HCoV-HKUI1 coronaviruses
spike protein are defined by loops. Based on homology
studies, it has been proposed that the sialic acid binding site
of the S protein of SARS-CoV-2 presents similar structural
elements. Thus, it can be hypothesized that the shape and
accessibility of the Sia binding site depends on the employed
protein constructs (ectodomain vs. NTD). To address this
issue, one additional STD HSQC experiment was carried
out by adding a mAb, which targets the NTD, to the NMR
tube containing the S glycoprotein ectodomain and 3'SLN*
(Figure 3B). Fittingly, a major decrease of the glycan STD
NMR signals was observed, revealing that the mAb masks

NTD + 3'SLN* NTD + 3'SLN* + mAb NTD + 6°SLN*
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Sias ¥ b Sias ¥
Sia-9 = P o Sia-9 ==
ia "o a & i © . - - E © e o o @
Gakly sia7y [ 3 Gal4 Sia7)
sa4>® @ [ o ° *% o ° SaiyS @ [ _
e SiabA r~ o = [~ .° - - I
e B F - * Pias
T T me T - T T T
40 38 36 ppm 40 38 36 ppm 40 38 36 34 ppm
B Off-resonance = STD

Figure 3. 2D STD-'H-"C HSQC NMR experiments of NTD of S protein of SARS-CoV-2 with 3'SLN* (A) and 6'SLN (C). Note the presence of signals
in the STD spectra. B) 2D STD-'H-"C HSQC NMR experiment of the SARS-CoV-2 spike protein with 3'SLN* and 3 equivalents of mAb against

NTD. Note the dramatic reduction of the STD signals.
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the sialoglycan binding site. This result clearly demonstrates
that the sialic acid binding site in the NTD is functional and
accessible under the S protein ectodomain presentation.
Still, although the STD-HSQC experiments with the NTD
showed clear STD signals, their intensity is certainly lower
than those with the larger trimeric S ectodomain. While this
could be attributed to the different protein size as
mentioned above, we may speculate that the Sia binding
site, presumably localized in a loop region, is stabilized in
the trimeric form of the S-glycoprotein, minimizing dynam-
ics and providing a more efficient interaction with respect to
a looser binding locus in the single NTD.

These results provide a clear and non-ambiguous exper-
imental demonstration of the existence of direct binding
between Sia containing oligosaccharides to the NTD of the
S-glycoprotein. The implications of this binding event to
promote infection needs to be demonstrated. In any case,
our results contribute to the further understanding of the
SARS-CoV-2 infection mechanism and spread and may
open new opportunities for the development of glycan-based
inhibitors to interfere with viral infection and ameliorate
SARS-CoV-2 disease.
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