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A B S T R A C T

Rotaviruses (RVs) are the main cause of viral diarrhea among infants, small children, and the young of many 
animal species. Histo-blood group antigens (HBGAs) are potential RV receptors and glycan composition on 
mucous surfaces influences host susceptibility and cross-species virus transmission. RVs exhibit genotype- 
dependent glycan binding and differences are due to sequence modifications in the VP8* domain of the spike 
protein VP4. Nevertheless, the molecular bases for this genotype-dependent glycan specificity, especially in non- 
A RVs, are not thoroughly understood. This study delves into how genotypic variations configure a novel binding 
site in the VP8* of a bovine P[3] rotavirus species C (RVC) strain to recognize H type-2 antigen (H2) and its 
precursor N-acetyl-lactosamine (LacNAc) using glycan binding assays, crystallography, and STD NMR. Results 
reveal a specific interaction of bovine P[3] RVC VP8* with H2 and LacNAc, more strongly with the latter. In the P 
[3] RVC VP8*-H2 interaction, the N-acetyl glucosamine moiety displays significant interaction, while galactose 
participates moderately and fucose binds weakly. Moreover, the bovine VP8* structure, resolved at 3 Å, shows 
specific structural features which differ from human RVC, as it contains two additional β-strands (β1 and β2) 
contributing to β-sheet2 and conformational changes that widens the cleft to allow different carbohydrate 
binding modes. These subtle changes in both sequence and structure explain the H2 precursor recognition, which 
is abundant in the human neonate intestine and in human and bovine milk, providing insights into P[3] RVC 
tropism and its potential zoonotic transmission.

1. Introduction

Rotaviruses (RVs) belong to the Rotavirus genus within the Sedor
eoviridae family, and are the predominant enteric viral agents causing 
acute gastroenteritis in both young humans and animals worldwide [1], 
resulting in over 240,000 deaths in children under 5 annually [2].

Based on the gene sequence of the viral inner capsid VP6 protein 
sequence, RVs are classified into 9 species (A to D and F to J) [3–5], with 

Rotavirus alphagastroenteritidis (RVA) being the predominant cause of 
diarrheal disease in humans [2]. Species RVA, RVB, RVC, and RVH, 
infect both humans and animals, remarking their zoonotic potential. In 
contrast, RVD, RVF, RVG, RVI, and RVJ only cause animal infections 
[6].

RVs have a segmented genome composed of 11 double-stranded RNA 
segments encoding six structural (VP1–4, VP6, and VP7) and five or six 
non-structural proteins (NSP1-NSP5/6) [7]. The spike protein VP4 is 
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cleaved into VP8* and VP5* with the galectin-like domain VP8* medi
ating host glycan recognition and facilitating initial cell attachment and 
infection [8].

RVA has demonstrated the ability to recognize cell surface glycans as 
essential ligands or receptors, playing a critical role in rotavirus 
attachment and cell entry [9–11]. Numerous animal RVAs recognize the 
internal sialic acids (SAs) of sialoglycoconjugates, including ganglio
sides [12], while some human RVAs specifically recognize terminal SAs 
[13]. Additionally, many other human RVAs exhibit binding affinity for 
non-sialylated glycoconjugates like histo-blood group antigens 
(HBGAs), HBGA precursors, and/or mucins [9,14,15]. HBGAs are car
bohydrates expressed on the surfaces of red blood cells, gastrointestinal 
epithelial cells, and mucosal secretions [10]. Their synthesis is governed 
by a set of glycosyltransferases known as enzymes A, B, FUT2, and FUT3, 
which generate variability in antigen expression and influence suscep
tibility to RV infection [16].

Rotavirus tritogastroenteritidis or rotavirus species C (RVC) has 
emerged as a pathogen causing gastroenteritis in neonatal piglets and is 
increasingly reported in both pigs and humans [17–19]. RVCs have also 
caused infections in cows, ferrets, and dogs [20–23]. Global reports 
indicate RVC infections in humans across North and South America, 
Asia, Africa, Europe, and Oceania [22]. In addition to human RVC, 
numerous seroepidemiological studies in pigs have shown the circula
tion of these viruses in swine herds across different countries for many 
decades, with seroprevalence rates ranging from 58 % to 100 % [24]. 
Furthermore, at least two studies from the USA and one from Brazil 
demonstrated remarkably high RVC prevalence in suckling piglets 
[18,25–27].

In contrast to RVA, receptors or attachment factors associated with 
the adhesion and infection of RVC have received comparatively less 
attention. Limited research has explored the role of SAs and HBGAs in 
rotavirus infections caused by these non-A species. Nevertheless, a 
recent study [28] demonstrated that the VP8* of human RVC G4P[2] 
recognizes type A HBGAs through a mechanism distinct from that used 
by RVA. Similarly, another study revealed that a trisaccharide glycan, 
Galα1-3Galβ1-4Glc, containing a terminal α-Gal, was recognized by 
multiple RVA/RVC genotypes, suggesting a shared evolutionary origin 
linked to the synthesis of HBGAs in animals [29]. Understanding these 
interactions is key to clarifying RVC epidemiology, zoonotic potential, 
and developing future prevention strategies.

To investigate whether the bovine genotype of RVC exhibits the 
ability to bind to HBGAs similarly to the human genotype, the VP8* 
protein from the bovine P[3] RVC genotype was produced recombi
nantly in Escherichia coli with a N-terminal GST tag and examined its 
interaction with a panel of synthetic HBGAs. Structural analyses, 
including crystallography and molecular docking, were performed to 
explore the glycan-binding mechanism. This study hypothesized that 
genotypic variations in bovine P[3] RVC VP8* create a unique glycan- 
binding pocket, enabling recognition of H2 and LacNAc, with struc
tural features distinct from human RVC.

2. Materials and methods

2.1. Expression and purification of RVC VP8* protein

The cDNA encoding VP8* galectin domain (amino acids 64–228) 
from the VP4 protein of Toyama bovine RVC strain (P[3] genotype, 
GenBank accession number AB738415) and Bristol human RVC strain (P 
[2] genotype, GenBank accession number X79442) were obtained as 
synthetic gene cloned into the pMX plasmid provided by GeneART 
technologies (ThermoFisher) with codon optimization to improve its 
expression yield in E. coli. The sequences included a BamHI cleavage site 
at the 5′ end and a SmaI cleavage site at the 3′ end for their cloning into 
the pGEX-2T expression vector (GE Healthcare) to express N-terminal 
GST tag. The recombinant proteins GST::VP8* were expressed in E.coli 
BL21 (DE3) (Novagen) induced with 0.1 mM isopropyl-β-D-1- 

thiogalactopyranoside (IPTG) at 18 ◦C at 250 rpm for 18 h. The fusion 
VP8* proteins were purified by affinity chromatography using GSTrap 
column coupled to an ÄKTA prime FPLC system (GE Healthcare) ac
cording to manufacturer protocol. The proteins were then concentrated 
and buffer exchanged to PBS using 10 kDa Amicon® tubes (Millipore) 
and quantified using a fluorescence-based protein quantification 
detection kit (Quant-iT Fluorometer, Qubit Protein Assay Kit, Q33212, 
Invitrogen) and concentrated to 5 mg/ml in PBS and stored at − 80 ◦C for 
further use. The PBS composition for STD-NMR experiments was as 
follows: 10 mM Na2HPO4, 1.8 mM KH2PO4, 2.7 mM KCl, and 95 mM 
NaCl pH 7.4, instead of the standard 137 mM. The sequences are 
included as a FASTA file in supplementary data (Table S1).

2.2. Glycan microarray screening

Glycan microarray analysis involved utilizing a synthetic glycan li
brary prepared chemoenzymatically to represent key glycan structures 
from various origins, such as mammals, invertebrates, and plants [30] 
(Fig. S1). The fusion GST-VP8* P[3] bovine RVC protein was applied to 
individual glycan microarray at 250 μg/ml concentration in binding 
buffer (25 mM Tris, 150 mM NaCl pH 7.5, 2 mM CaCl2/MgCl2, 0.01 % 
Tween 20) at room temperature for 5 h. The bound GST-VP8* protein 
was detected using a mouse anti-GST tag monoclonal primary antibody 
(1:2000) (Thermo Fisher Scientific, MA4-004) and Alexa Fluor™ 647 
rabbit anti-mouse IgG (H + L) (Thermo Fisher Scientific, A21239) sec
ondary antibody (1:1000). A solution of GST (250 μg/ml) was included 
as a negative control. The slide was washed with binding buffer and 
water. Relative fluorescence units (RFU) were measured with the Agi
lent G265BA microarray scanner system and ProScanArray® Express 
software from Perkin Elmer was used for image analysis. RFU with local 
background subtraction from four replicate spots were averaged and 
represented with GraphPad Prism in the form of histograms along with 
the standard deviation. The glycan microarray library is illustrated in 
Fig. S1.

2.3. VP8* glycan binding assays

To perform these assays, a glycan panel, comprising biotinylated 
HBGAs (Lea, Leb, LacNAc, lacto-N-biose (LNB), H type-1 (H1), H2, A 
trisaccharide (Atri), B trisaccharide (Btri), Lex, Ley, sialyl Lex (SLex) and 
gangliosides (GM3) (GlycoNZ), was utilized (Table S2). These glycans 
consist of biotinylated neoglycoconjugates linked to poly (N-2-hydroxyl 
acrylamide) with a size range of 30 to 50 kDa. F96 black plates with 
immobilized streptavidin (Nunc), were coated with biotinylated oligo
saccharides (2 μg/ml) in deionized water and incubating for 1 h at 37 ◦C 
as described previously [15]. After plate functionalization, a 0.05 % 
Tween 20 in PBS (PBS-T) wash was conducted, and the plates were 
blocked with 3 % BSA in PBS-T for 1 h at 37 ◦C. Subsequently, the plate 
was washed three times with PBS-T, and four different proteins (GST, P 
[3] bovine RVC GST-VP8*, P[2] human RVC GST-VP8*, and P[14] 
human RVA GST-VP8*) were added for overnight incubation at 4 ◦C at a 
concentration of 10 μg/ml in PBS-T with 0.1 % BSA.

The following day, after three washes with PBS-T, a rabbit anti-GST 
polyclonal antibody (1:2000) (Sigma-Aldrich) was added, and the plate 
was incubated for 1 h at 37 ◦C. Subsequently, the plate was washed three 
times with PBS-T and was incubated for 1 h at 37 ◦C with a horseradish 
peroxidase (HRP)-conjugated goat anti-rabbit antibody in PBS-T 
(1:10,000). Following the final three washes, binding was measured 
using the QuantaBlue reagent kit (ThermoFisher) following the manu
facturer's recommendations. Fluorescence units were determined using 
a Fluoroskan microplate reader (ThermoFisher). Each binding assay was 
performed in triplicate. GST was used as negative control and P[14] RVA 
GST-VP8* [31] was used as positive binding control, the amino acid 
sequence is included as FASTA file (Table S1).
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2.4. STD-NMR experiments

All the STD NMR experiments were carried out in PBS D2O buffer, 
pH 7.4. The protein concentration was 50 μM and the ligand concen
tration was 2 mM. STD NMR spectra were acquired on a Bruker Avance 
III 600 MHz at 278 K. The on- and off-resonance spectra were acquired 
using a train of 50 ms Gaussian selective saturation pulses using a var
iable saturation time from 0.5 s to 6 s, and a relaxation delay (D1) of 6 s. 
The residual protein resonances were filtered using a T1ρ-filter of 10 ms. 
All the spectra were acquired with a spectral width of 12 kHz and 32 K 
data points using 512 scans in saturation times of 0.5 and 0.75 s; 256 
scans in 1, 1.5 and 2 s; and 128 scans in 3, 4, 5 and 6 s. The off-resonance 
frequency was set to 40 ppm in all cases, while the on-resonance spectra 
were acquired by selective saturation of protein aliphatic using an 
irradiation frequency of − 2 ppm to avoid direct irradiation to the ligand. 
To get accurate structural information from the STD NMR data and to 
minimize any T1 relaxation bias, the STD build-up curves were fitted to 
the mono-exponential equation STD(tsat) = STDmax * (1 − exp(− ksat * 
tsat)) (Fig. S2), calculating the initial growth rate STD0 factor as STDmax 
* ksat and then normalizing all of them to the highest value [32]. The raw 
STD-NMR spectra supporting this study are publicly available in Bruker 
format at: https://saco.csic.es/s/Z8AZocox7pAFX9Y.

2.5. Protein preparation

For the crystallization of the VP8* protein from the bovine RVC P[3] 
genotype, thrombin (GE Healthcare) was employed to cleave the GST 
tag. Digestion of 1 mg of each GST-VP8* sample was carried out with 10 
units of thrombin at 28 ◦C for 31 h. Subsequently, an affinity chroma
tography step was performed on a GSTrap column (GE Healthcare). In 
this procedure, cleaved GST or VP8* that had not been sufficiently 
cleaved and remained fused to GST were retained on the column, while 
the digested VP8* successfully passed through.

Following the affinity chromatography, gel filtration chromatog
raphy was carried out using a Superdex® 200 column coupled to an Äkta 
avant chromatography system to eliminate aggregated protein and re
sidual thrombin used for cleavage. Finally, protein concentration was 
achieved using Amicon® Ultra (0.5 ml) 10 kDa concentration tubes 
(Millipore), following the manufacturer's specifications. Quantification 
was performed using the Qubit Protein Assay Kit, as described above. 
The protein was then adjusted to a concentration of 10 mg/ml in a so
lution containing 50 mM Tris, 150 mM NaCl, pH 8.0, in preparation for 
the subsequent crystallization process.

2.6. Crystallization and data acquisition

VP8* crystals were obtained using the sitting drop vapour diffusion 
technique. Crystallization was achieved by mixing 0.3 μl of a solution 
containing 10 mg/ml of protein with 0.3 μl of two different screening 
solutions (JBScreen Classic HTS I and HTS II, Jena Bioscience). Crystals 
were grown in a 1.5 M Sodium Citrate pH 6.5 mother solution. For 
diffraction, crystals were cryopreserved by passing them briefly through 
the mother solution containing 12 % (v/v) ethylene glycol. Then, crys
tals diffracted X-rays to 3 Å resolution, and data collection was con
ducted in the BL13-XALOC of Alba Synchrotron (Cerdanyola del Vallès, 
Spain). Subsequently, data integration and reduction were performed 
with XDS [33] and Aimless from the CCP4 suite [34]. Molecular 
replacement was conducted with Phaser [35] using an Alphafold2 [36] 
predicted structure as a template. The definitive structural models were 
obtained by iterative cycles of tracing with Coot [37] and refining with 
Refmac [38]. Data collection and refinement statistics are included in 
Table 1. The Ramachandran plot for refined VP8* showed 95.08 % 
residues in favored regions, 4.92 % in allowed regions, and 0 % in 
outliers.

2.7. Molecular docking calculations

Before running docking calculations, an exhaustive conformational 
study of the apo protein was undertaken. A classical MD simulation of 
the apo protein was performed, and the conformational states of the 
protein were subsequently analyzed. The crystal structure of bovine RVC 
VP8* (PDB: 9EN4) was used as starting coordinates. Protein conforma
tions most frequently observed during the MD trajectory were extracted, 
imported into the Maestro module of the Schrödinger software, and 
prepared with the Protein Preparation Wizard [39]. The module 
PROPKA was employed to predict the protonation state of polar side
chains at pH 7.5 [40]. The hydrogen-bonding network was automati
cally optimized by sampling asparagine, glutamine, and histidine 
rotamers. The model was then minimized using the OPLS3 force field 
[41] and a heavy atom convergence threshold of 0.3 Å. Conformers of 
the H2 antigen were generated in MacroModel [42] using the MC/SD 
tool, and 100 different conformers were obtained. Clustering of con
formers was carried by heavy atom RMSD to eliminate redundant poses, 
and 10 clusters were obtained. From each cluster, the lowest energy 
conformer was chosen based on the potential energy-OPLS3e term. 
Docking of the different conformers of the H2 antigen to B-RVC VP8* 
was then performed using Glide [43]. A cubic grid was generated 
centered on the position of the ligand of the x-ray structure with PDB 
5ZHO (complex between H-RVC VP8* and type A antigen), with an 
outer box length of 20 Å and an inner box length of 10 Å. All ligand 
conformers were subjected to rigid docking (i.e. protein residues are 
kept fixed in the initial conformation) using the SP algorithm, obtaining 
100 poses for each conformer. Docking poses were then clustered by 
heavy atom RMSD, and the pose closer to the centroid of each cluster 
was selected. Finally, selected poses ware assessed against experimental 
STD NMR data using RedMat and the models with the lowest R-NOE 
factors were chosen.

2.8. Molecular dynamics calculations

2.8.1. Input preparation and equilibration
The initial coordinates of the B-RVC VP8*-H2 antigen complex and 

of the apo-B-RVC VP8* were built from the coordinates of the potential 
candidates obtained from docking simulations. The MD simulation setup 

Table 1 
Data collection and refinement statistics for the obtained structures.

P[3] RVC VP8*

Data collection
Space group P21 21 21

Cell dimensions 
a, b, c (Ȧ) 
α, β, γ (◦)

61.49 64.37 76.94 
90.00 90.00 90.00

Resolution (Å) 74.94–3.00 (3.18–3.00)
No. reflections 83,626 (13907)
Rsym or Rmerge 0.354 (1.049)
Rpim 0.143 (0.420)
I/σI 7.7 (3.1)
Completeness (%) 99.90 (99.70)
Redundancy 12.9 (13.5)

Refinement
Rwork/Rfree 0.24/0.29
No. atoms

Protein 2572
Water 51

B-factors (Å2)
Protein 35.69
Water 20.26

R.m.s deviations
Bond lengths (Å) 0.002
Bond angles (◦) 0.578

PDB code 9EN4
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and equilibration were performed with the BioExcel Building Blocks 
(BioBB) library [44]. The ligands were parametrized and minimized 
using the acpype and babel modules, respectively, of BioBB (bio
bb_chemistry.acpype and biobb_chemistry.babel). The minimization of the 
ligands was performed with the steepest descent method and the GAFF 
force field. The topologies of the complexes were generated using the 
biobb_amber.leap module, and the ff14SB [45] and GAFF [46] force fields 
were used to parametrize [45] protein [46] and ligand, respectively. 
Subsequently, the biobb_amber.sander module was employed to mini
mize, firstly, the protein protons using positional restraints of 50 kcal/ 
mol⋅Å2 on the protein heavy atoms and, secondly, the whole protein 
structure using positional restraints of 500 kcal/mol⋅Å2 on the ligand to 
avoid potential changes in ligand orientation due to protein repulsion. 
Then, each protein-ligand complex was immersed in a TIP3P [47] 
truncated octahedron water box with a distance from the protein to the 
box edge of 9.0 Å and Periodic Boundary Conditions, followed by the 
addition of a 150 mM concentration of NaCl. Each solvated system was 
minimized using the steepest descent protocol and applying positional 
restraints of 15 kcal/mol⋅Å2 to the ligand, followed by heating up to 300 
K over 2500 steps applying the Langevin thermostat [48] with a collision 
frequency of 1 ps− 1 and positional restraints on the ligand of 10 kcal/ 
mol⋅Å2 (for this, the biobb_amber.sander module was used). Next, each 
system was subjected to NVT followed by NPT equilibration of 100 ps 
each. A non-bonded interactions cutoff of 10.0 Å, the SHAKE algorithm 
for constraining the length of bonds involving hydrogen atoms, the 
Langevin thermostat with a collision frequency of 5 ps− 1, and smooth 
positional restraints on the ligand (5 and 2.5 kcal/mol⋅Å2 for NVT and 
NPT, respectively) were employed. During the NPT equilibration, a 
pressure of 1 bar was kept constant using isotropic position scaling with 
a pressure relaxation time of 2 ps.

2.8.2. MD simulation
A 500 ns of MD production run was carried out for each complex on a 

AMD-Ryzen 4xGPU 3070 Computing Cluster using the pmemd.cuda 
module of AMBER 20 [49]. The production dynamics was performed at a 
constant temperature of 300 K, by applying the Langevin thermostat 
[48] with a collision frequency of 1 ps− 1, and a constant pressure of 1 
bar (using isotropic position scaling with a pressure relaxation time of 1 
ps). A non-bonded interactions cutoff of 9.0 Å, periodic boundary con
ditions (PBC) [50], and the Particle Mesh Ewald method [51] (PME) to 
account for the long-range electrostatic effect were employed. The 
SHAKE algorithm [52,53] was also employed, thus allowing 2 fs be
tween time steps. Trajectory coordinates were saved every nanosecond.

The conformational space sampled by the apo-protein during the 
trajectory was clustered using the DBSCAN algorithm implemented in 
AMBER, obtaining 10 clusters representative of the conformations 
adopted by the protein during the simulation.

The analysis of the MD trajectories was performed using the cpptraj 
module (version 4.25.6) of AMBER 20 [49]. The evolution of protein and 
ligand RMSD over the simulation time was calculated against the first 
frame of the trajectory. To monitor ligand orientation and dynamics 
within the protein binding site, MD trajectories were aligned based on 
the protein backbone atoms within 5 Å of the ligand (in the first frame) 
and, subsequently, the ligand backbone RMSD was calculated in-place 
(no superposition).

2.9. RedMat calculations

RedMat calculations were performed, using a rotational correlation 
time of the protein of 11.4 ns, as calculated with the HYDRONMR 
package [54] through the NMRbox shared resource for NMR software 
[55], we selected irradiated atoms in methyl protons and a dissociation 
constant of 500 μM. The ligand and protein concentrations were 2000 
μM and 50 μM, respectively, according to the experimental conditions. 
The protons that are averaged in the experimental binding epitope were 
not considered in the calculation as they do not represent the real 

individual values.

2.10. Statistical analysis

To analyze statistical differences in the ELISA-like glycan binding 
experiments student's t-test was used considering statistically significant 
p-value<0.05. Statistical analyses were performed with GraphPad Prism 
version 5.0 for Windows (GraphPad Software).

2.11. Alignment analysis

Reference sequences from different RVC genotypes were obtained 
from GenBank. Sequences were aligned with Clustal omega [56] and the 
amino acids conservation was analyzed using PRALINE multiple 
sequence alignment [57]

2.12. Data availability

The X-ray crystallographic coordinates of the VP8* structure from 
the bovine RVC P[3] genotype have been deposited at the Protein Data 
Bank under the accession code 9EN4.

3. Results

3.1. Bovine P[3] RVC VP8* recognize terminal Galβ1-4GlcNAc and 
GalNAcβ1-4 GlcNAc epitopes

Our investigation started by elucidating the glycan binding speci
ficity of bovine P[3] RVC VP8*, based on the crucial role of the VP8* 
domain interacting with host receptors [10,15,58]. The recombinant 
VP8* protein was purified as a GST fusion protein and was employed to 
incubate a glycan microarray containing a library of 155 different 
structures prepared chemoenzymatically as previously described 
(Fig. S1) [30,59]. The library contains a collection of N-glycan structures 
as found on glycoproteins of mammalian, invertebrate and plant origin 
along with smaller O-glycan structures and structural elements of larger 
glycan structures [60]. The bovine VP8* exhibited significant binding 
signals to sixteen glycans from the library, including both N-glycan and 
O-glycan structures all displaying terminal LacNAc (Galβ1-4GlcNAc) or 
LacdiNAc (GalNAcβ1-4GlcNAc) residues (Fig. 1). The GST-bovine VP8* 
protein exhibited binding signals with typical cores of O-glycosylation, 
specifically O-glycosylated mucins (glycan numbers GL138, GL139, 
GL142, and GL143) (Fig. 1).

3.2. The VP8* domain of the bovine P[3] RVC genotype interacts with 
both the H2 antigen and its precursor LacNAc

To further validate the observed ligand binding selectivity, we car
ried out glycan interaction studies using synthetic oligosaccharides 
representing HBGAs and GM3 (Table S2). Bovine VP8* protein 
demonstrated notable interaction signals with two HBGAs, consisting of 
H2 antigen and its precursor LacNAc (Fig. 2), both containing 
Galβ1–4GlcNAc epitope. Furthermore, the results showed that the VP8* 
protein of bovine RVC recognized specifically the H2 antigen and Lac
NAc, although binding to the second antigen was 7 times stronger 
(Fig. 2) (P value =0.0006). However, minimal or no signals were 
detected for the remaining assayed glycans.

In contrast, human P[2] RVC VP8* protein displayed a significantly 
weaker binding to LacNAc, but showed strong recognition of the A- 
trisaccharide, as previously demonstrated by Sun et al. [28]. Remark
ably, our data provide the first evidence that the human P[2] VP8* also 
binds GM3, with even significantly higher affinity than to the A-trisac
charide (Fig. 2).

In summary, these comparisons highlight the distinct glycan speci
ficities of bovine and human RVC VP8* proteins, underscoring the 
unique preference of the bovine P[3] VP8* for LacNAc and H2 HBGAs 
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Fig. 1. Bovine P[3] RVC GST-VP8* protein incubation on the glycan microarray. Histograms representing mean RFU (Relative Fluorescence Units) values after 
incubation with bovine P[3] RVC GST-VP8* protein. Each histogram represents the average RFU values of four replicate spots with the standard deviation of the 
mean. The structure of the glycans showing signal binding is represented according to the standard Symbol Nomenclature for Glycans (SNFG) v.1.5. (See Fig. S1, for 
the glycan structures included in the microarray screening).

Fig. 2. ELISA-like glycan binding assay of bovine P[3] and human P[2] RVC VP8* proteins to a panel of biotinylated sugars. RV-glycan binding (y axis) was 
measured in units of fluorescence (F.U.) normalized to positive control the RVA P[14] GST-VP8* recombinant protein. GST was included as a negative control, and its 
fluorescence signal was subtracted for each interaction involving bovine VP8*. P value <0.05 (*), P value <0.01 (**), and P value <0.001 (***). Bars indicate the 
standard error of the mean.
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and the broader recognition profile of the human P[2] RVC VP8*.

3.3. Binding epitope mapping of H-type 2 to bovine P[3] RVC VP8*

To obtain structural details and identify the moiety of H2 antigen 
interacting with the bovine RVC VP8* protein we obtained their binding 
epitope mappings by Saturation Transfer Difference (STD) NMR spec
troscopy experiments. The NMR method is based on the saturation 
transfer from the protein to the bound ligand, which is transferred 
further to the free ligand where the signal is detected due to rapid ex
change at the binding site. Ligand protons close to the protein binding 
site receive substantial saturation and exhibit greater effects in STD 
NMR compared to protons more exposed to the solvent [61,62], so that 
the relative level of saturation received by the ligand protons can be 
translated into a ligand-binding epitope map, depicting the key contacts 
of the ligand for the interaction with the protein in the binding site.

All performed STD NMR experiments showed clear signals confirm
ing the binding of H2 antigen with bovine VP8*. In this study, two 
binding epitope mappings were obtained: one corresponding to the 
antigen with the reducing GlcNAc in α configuration (Fig. 3A), and that 
with the GlcNAc in β configuration (Fig. 3B), as they produced two sets 
of 1H NMR signals for the reducing GlcNAc ring and only one set of 
signals for the remaining galactose and fucose rings. After analyzing the 
integral values for the signals corresponding to the anomeric protons of 
α and β-GlcNAc, a higher concentration of the α conformation in solution 
was inferred. The different concentrations of both anomers can lead to 
biased estimations of the binding epitope mappings so, to avoid over
estimations in the binding epitope of the lower populated β-anomer, a 
precise comparison between the existing concentrations of α and β 
anomers was carried out using the law of mass action (ligand concen
tration 2 mM, protein concentration 50 μM, and an estimated dissocia
tion constant of 500 μM, consistent with this type of protein- 
carbohydrate interaction). In this way, to obtain appropriate binding 
epitopes, we considered the differences in the concentrations of both 
anomers by weighting the measured STD intensities by the proportion of 
β anomer in comparison to the α one, so that the STD0 values for the β- 
GlcNAc protons were weighted according to Eq. (1). 

STDβ
0 =

1
1.6

⋅
(

STDβ
0(observed)

)
(1) 

The results indicate that the observed binding epitope mapping is 
similar for both configurations (Fig. 3). Globally, there is a significant 
preference for the reducing GlcNAc ring, a reduced contribution of the 

galactose ring, and a much lower contribution of the fucose ring in the 
recognition of the trisaccharide by the VP8* protein.

3.4. Crystal structure of bovine P[3] RVC VP8*

To understand the molecular basis of the interaction between bovine 
RVC VP8* and H2, we carried out crystallization studies with VP8* 
alone and in the presence of H2. Crystals were obtained just for bovine 
RVC VP8* (residues comprised from E64 to R228) which diffracted X- 
rays at 3 Å resolution in the space group P212121 (Table 1). The asym
metric unit of the crystal contained two molecules (Fig. 4A), each one 
formed by two twisted antiparallel β-sheets; β-sheet1 formed by six 
strands (βA, βL, βB, βI, βJ and βK) and β-sheet2 formed by six strands (βC, 
βD, βG, βH and two small strands β1 and β2) (Fig. 4B). The presence of 
two additional β-strands in β-sheet2 can reproduce the sugar-binding 
face (S-face) of galectins [63], however, there is a β-hairpin, formed 
by βE and βF, inserted between βD and βG which sits in the groove of the 
β-sheet2 blocking the sugar binding site at S-face observed in galectins 
(Figs. 4B and S3A). These two additional β-strands (β1 and β2) and the 
β-hairpin insertion are also present in RVA VP8* (PDB: 6H9W) 
(Fig. S3A) [15]. Structural comparison between the two molecules of 
RVC VP8* found in the asymmetric unit showed high similarity (0.4 Å 
RMSD for 153 residues) but, conformational changes were observed in 
the loop β1-βB and loop βJ-βK located in β-sheet1 (Fig. 4B), thus, indi
cating flexibility for this β-sheet, which resembles the F-face of galectins 
(Fig. S3B). This fact could indicate a tendency of this face to discriminate 
between glycans, as the loop βJ-βK seems to adopt different conforma
tions in VP8* contributing to the cleft configuration [64]. Meanwhile, β1 
and part of the loop β1-βB can be involved in interactions with VP5* 
according to the structure of VP4 spike [65].

A search for structural homologs with the DALI server indicated high 
structural similarity with human RVC VP8* [28], both in the absence 
(PDB: 5ZHG) and presence of A trisaccharide antigen (PDB: 5ZHO) (0.7 
Å RMSD for 134 residues), however, we observed several differences in 
their secondary structure compared to bovine RVC (Fig. 4C). First, the 
bovine RVC contained two additional β-strands (β1 and β2) forming part 
of β-sheet2 (Fig. 5A) where the end of β1 corresponds to a helix turn in 
human RVC, and thus, major changes in the conformation of the loop 
that connects with βB are observed (Fig. 5A). Second, the flexible long 
loop βJ-βK in bovine RVC is a part of the long beta hairpin in human RVC 
(Figs. 4C and 5A). Third, in bovine RVC, βK is connected to β2 via a short 
loop, lacking this region three residues that are present in human RVC. 
Interestingly, this region is part of the binding pocket for the A 

Fig. 3. STD NMR binding epitope mappings of H2 antigen to bovine P[3] RVC VP8*. A) Binding epitope maps of the H2 antigen Fucα1-2Galβ1-4GlcNAcα and B) 
Fucα1-2Galβ1-4GlcNAcβ. Protein saturation was achieved by irradiation at − 2 ppm. Normalized STD-NMR intensities are shown in different colored spheres as 
represented in the colored legend bar. STD responses are only indicated for protons that could accurately be measured. Asterisks indicate averaged STD values due to 
overlapping. STD NMR: saturation transfer difference NMR, Fuc: fucose, Gal: galactose, GlcNAc: N-acetyl-glucosamine.
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trisaccharide antigen in human RVC, thus, the shortening of this region 
in bovine RVC has widened the cleft between both β-sheets possibly 
changing the specificity for glycan binding [28] (Figs. 4C and 5B). 
Surprisingly, a sequence variation between bovine and human RVC 
seems to link the configuration of β1 and loop β1-βB with the shortening 
of loop βK-β2 and β2. In this way, in bovine RVC there is a Leu at the end 
of β1 beginning of loop β1-βB, which is a Trp in human RVC as part of a 
helix turn (Fig. 5A). The side chain of Trp lies on the short loop βK-β2 of 
bovine RVC, thus, only in the absence of a Trp in this position can the 
shortening of loop βK-β2 exist. Lastly, the C-terminal end of bovine RVC 
was longer than human RVC containing one helix turn (Figs. 4C and 5A). 

Overall, despite the structural homology with human RVC, VP8* mol
ecules from bovine RVC show specific structural features that contribute 
to the widening of the cleft, such as the short loop βK-β2 linked to β1 and 
loop β1-βB as well as to the flexible long loop βJ-βK (Fig. 5B), which 
could allow different carbohydrate binding modes.

3.5. Structure and sequence analysis of RVC VP8*

We performed sequence alignments to identify correlations in the 
structural changes of the RVC VP8* galectin-like domain proteins (res
idues 64 to 231) in different human and animal genotypes. The overall 

Fig. 4. Structure of VP8* of bovine P[3] RVC (B-RVC). A) The asymmetric unit of the crystal contained two molecules: a (in blue) and b (in pink). B) Secondary 
structure comparison of the two molecules found in the asymmetric unit, in rainbow coloring, formed by two twisted β-sheets; β-sheet1 formed by six strands (βA, βL, 
βB, βI, βJ and βK) and β-sheet2 formed by six strands (βC, βD, βG, βH and two small strands β1 and β2) shows differences in the conformation of β1-βB loop connecting 
β1 and βB strands as well as between βJ-βK loop connecting βJ and βK strands. C) Superposition of the two B-RVC VP8* molecules with VP8* from human RVC (H- 
RVC) in the absence (PDB: 5ZHG in green color) and presence (PDB: 5ZHO in yellow color) of antigen A trisaccharide (color stick representation). Nomenclature of 
β-strands has been adopted from H-RVC VP8* published in [28]. D) Sequence alignment based on the structure of the galectin-like domain of VP8* proteins of 
different RVC P genotypes. The alignment was constructed using Clustal Omega and the residues less conserved were colored, assigned non-polar aliphatic in orange, 
polar uncharged in green, charged in blue, aromatic in pink, and sulfur-containing in purple. The less conserved positions predicted by PRALINE are highlighted by 
boxes and the secondary structure of B-RVC P[3] is shown.
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sequence identity between them was 66.5 % but non-synonymous amino 
acid substitutions were found (Fig. 4D). We observed that at the end of 
β1/beginning of loop β1-βB all genotypes contained Trp, as in the 
structure of human RVC, except in porcine P[5] and in our bovine P[3] 
RVC VP8* structure which contained Leu (Leu76; Fig. 5A). As we 
mentioned previously, the absence of Trp widens the cleft for glycan 
binding, an effect that can be observed upon modelling the structures of 
the different genotypes with AlphaFold (Fig. S4). Also, the loop βC-βD 
which is involved in glycan binding at the structure of human VP8* RVC, 
contains Trp (W107) in bovine P[3] VP8* but this position was Ser in 
human P[2], porcine P[1], P[5], P[12] and canine P[11] while Val for 
bovine P[10] (Fig. 4D). Additionally, the loop βI-βJ showed sequence 
variability between genotypes. Interestingly, the less conserved position 
was found between the short loop βK-β2 (Arg206-Glu208) and β2 
(Ser209-Asn211) as it contained a deletion of three residues in the 
bovine RVC P[3] that was not present in other genotypes, except for 
porcine P[5] (Fig. 4D). As mentioned previously, this deletion, identified 
in the structural comparison between human P[2] and bovine P[3] 
VP8*, is concomitant with the presence Leu, instead of Trp, at the end of 
β1/beginning of loop β1-βB. Hence, just the bovine P[3] and porcine P 
[5] genotypes show either the deletion or presence of Leu which con
tributes to the widening of the cleft between β-sheets. This fact may 
result in modifications of the glycan recognition region at bovine P[3], 
and possibly in porcine P[5] as well, that may account for the switch in 
specificity from type A antigen to LacNAc and H2 antigens.

3.6. Molecular docking and molecular dynamics simulations reveal a 
novel glycan binding pocket for P[3] bovine RVC

To obtain a 3D model of the molecular complex between bovine RVC 
VP8* and H2 antigen, molecular docking calculations were performed 
for the α and β anomers of the H2 antigen using different VP8* con
formations (generated from MD (molecular dynamics) simulations of 
the apo protein). Docking of the H2 antigen in both α and β configura
tions produced about 1000 docking poses for each anomer. These were 
subsequently assessed against experimental STD NMR data using a 
software recently developed in-house, called RedMat, that enables the 
fast calculation of theoretical STD NMR binding epitopes mappings from 
both static (docking simulations) and dynamic (MD simulations) 3D 
models [66]. This allowed us to perform model validation using the NOE 
R-factor as the metric to assess the goodness between theoretical and 
experimental binding epitopes and, thus, to filter the 3D models of the 
VP8*-H2 complex in agreement with the experimental data (i.e., those 
NOE R-factors below 0.3). A total of seven validated models were 
obtained.

To analyze the stability in solution of the validated 3D models, we 
performed 500 ns of MD simulations. For the H2 antigen in β configu
ration, only one of the validated models exhibited ligand stability at the 
recognition site throughout the entire MD trajectory (Fig. S5A), while 
the simulations of the other models showed the ligand dissociating from 
the protein within the first 100 ns. RedMat was employed to monitor the 
evolution of the NOE R-factor along the stable simulation, yielding 
values below 0.3 in the majority of frames and, hence, validating this 
dynamic 3D model against the experimental STD NMR data (Fig. S5B). 
Overall, this highlights the importance of combining RedMat calcula
tions with the assessment of model stability along an MD simulation for 
the robust validation of 3D models of protein-ligand complexes.

The same procedure was followed for the H2 antigen in α configu
ration, and a 3D model was obtained where the orientation of the ligand 
was very similar to the validated model of the β configuration. Subse
quent 500 ns of MD simulation confirmed ligand stability at the recog
nition site, as shown by the orientation of the ligand (RMSD; Fig. S6A), 
and the NOE R-factor during the trajectory (Fig. S6B). Higher NOE R- 
factor values were observed for the α compared to those obtained for the 
β configuration, although no significant changes in ligand orientation 
were observed (Fig. S6A and Video S1). This increased NOE R-factor for 
the α anomer simulation can be attributed to proton H2, which despite 
receiving the highest saturation according to the experimental binding 
epitope (100 %), is averaged in the analysis with H3 due to peak over
lapping in the 1H NMR spectrum (Fig. 3). This leads to a miscalculation 
of the STD0 of H2 in the α anomer, therefore introducing some bias into 
the whole binding epitope since the STD0 of all other protons are 
normalized against H2. However, this does not occur for the β config
uration of the H2 ligand.

Since the α configuration of H2 is the major anomer, the frame of the 
α H2 MD simulation showing the smallest NOE R-factor has been 
selected as the 3D model best representing the molecular recognition 
between VP8* and the H2 antigen (Fig. 6A). MD simulation shows that 
VP8* recognizes H2 antigen, interacting with GlcNAc via Ala110 and 
Glu208 and Gal and Fuc moiety via Arg206 and Leu109, respectively 
(Fig. 6A). It is important to highlight that the H2 antigen is placed in the 
VP8* cleft interacting with the βK-β2 loop via both residues Arg206 and 
Glu208 (Fig. 6A). In addition, the theoretical binding epitope of this 
model showed great agreement with the experimental one (Fig. 6B).

On the other hand, when comparing the proposed 3D model with the 
x-ray structure of the complex between human RVC VP8* and the an
tigen A trisaccharide (PDB: 5ZHO), a reorientation of the antigen H2 
trisaccharide can be observed. This is due to loop βK-βL in human RVC 
being shorter in the bovine protein (where the loop is called βK-β2 
instead), resulting in a modification of the trisaccharide binding site 

Fig. 5. Comparison of the structures of bovine RVC VP8* and human RVC VP8* (PDB: 5ZHO). A) Superposition of both structures, bovine RVC VP8* (in rainbow 
color) and human RVC VP8* (in gold) shows several structural differences in β-sheet2: the presence of β1 and β2 in bovine RVC VP8*, presence of Leu in loop β1-βB 
instead of Trp and conformational changes in this loop, loop βI-βJ, loop βJ-βK and loop βK-β2. B) Superposition of both structures, shown separated for clarity, and in 
rainbow color. In human RVC VP8*, the A antigen is shown as sticks and framed by a square in both structures to indicate the position. Also, the cleft between 
β-sheet2 and β-sheet1 is denoted by two dashed lines, which demonstrate that it is wider in bovine RVC VP8*.
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(Fig. S7) according to the sequence and structure analysis mentioned 
above.

4. Discussion

Interaction with cell-surface glycans, particularly HBGAs, has been 
shown to play a crucial role in the pathogenesis, host tropism, and 
interspecies transmission of RVA [10,58,64,67]. Multiple genotype- 
dependent interactions with glycans have been described, such as P 
[4], P[6], and P[8] binding to H1 antigen [68], P[9], P[14], and P[25] to 
A antigen [31,69], and P[11] to LNnT and LNT [70]. However, little is 
known about the relevance of host glycan profiles in infections caused 
by non-A rotaviruses. Among non-A RV species, RVB and RVC are the 
most commonly found infecting humans and animals [22,71].

A recent study revealed that human RVC VP8* protein specifically 
binds to the A antigen HBGA, although interactions with glycans of 
animal genotypes within this species remain unexplored [28]. Thus, this 
study aimed to determine the HBGA-binding specificity of bovine P[3] 
RVC VP8* and to understand its structural basis and the molecular 
mechanisms behind this interaction.

Our results demonstrate for the first time an interaction between 
bovine RVC VP8* and the H2 antigen (Fuc-α1,2-Gal-β1,4-GlcNAc). This 
interaction appears to occur through its disaccharide precursor, LacNAc 
(Gal-β1,4-GlcNAc), as determined by STD-NMR, revealing that it in
volves primarily N-acetylglucosamine, which has previously been 
identified as a key binding saccharide in other studies [15,72]. Inter
estingly, such free LacNAc disaccharides have been described in bovine 
milk, raising the possibility that they may function as soluble decoy 
receptors. In this context, their presence could represent a protective 
mechanism, preventing RVC virions from binding to epithelial cells in 
the calf intestine, in a manner analogous to the well-described antiviral 
effects of human milk oligosaccharides [15].

The biological relevance of this interaction lies in the fact that bovine 
milk is a rich source of type II oligosaccharides, including LacNAc [73]. 
This suggests that the bovine P[3] RVC genotype may have specifically 
adapted to its host glycans. Similarly, VP8* proteins from bovine and 
human strains of P[11] RVA are known to bind specifically to LacNAc 
and LNnT (Galβ1,4-GlcNAcβ1,3-Galβ1,4-Glc) [70,74]. Interestingly, 
human P[11] RVA VP4 originates from a genetic reassortment with a 
bovine strain, thereby crossing the species barrier [74]. Additionally, 
studies have shown that saliva and immature intestines of neonates and 
young children are rich in poly-LacNAc, explaining the epidemiology of 
RVA genotype P[11] [75].Regarding RVC, a Brazilian study 

demonstrated its zoonotic potential based on the phylogenetic sequence 
of the VP6 gene [76]. Genetic reassortments between human-porcine 
and bovine-porcine strains, involving the NSP4, NSP5, VP3, and VP6 
genes, have also been reported [22,77]. While the potential for inter
species transmission, such as from bovine to human, remains unclear, 
the ability of bovine RVC to bind LacNAc, found in neonates and young 
children, raises the possibility of zoonotic transmission. However, 
epidemiological evidence of bovine RVC infecting humans, as well as in 
vitro infection studies in human intestinal cells, is currently lacking. 
Future studies, including epidemiological surveys and cellular infection 
models, will be necessary to evaluate the zoonotic potential of bovine 
RVC.

We then examined how bovine RVC VP8* interacts with specific 
glycan structures on the intestinal epithelium. The protein bound mul
tiple N-glycans, including twelve structures terminating in LacNAc or 
LacdiNAc. Additionally, it interacted with four O-glycosylated mucins. 
These interactions reflect its capacity to bind glycoproteins on the in
testinal epithelial surface and, in the case of mucins, suggest a viral 
tropism toward the intestinal mucin layer, a critical component of the 
epithelial barrier and RV recognition [78,79].Despite the general 
structural similarity of bovine RVC VP8* to galectins, RVA VP8*, and to 
the human RVC VP8* alone and bound to A trisaccharide, the bovine 
strain has evolved distinct structural features, including a wider cleft 
between the β-sheets, additional loops, and β-strands. The wider cleft in 
bovine VP8* results mainly from three variations, the deletion of three 
residues in the βK-β2 loop, the presence of a Leu at the end of β1 
beginning of the β1-βB loop, and the conformational change of βJ-βK to 
include a long flexible loop, leading to significant changes in the binding 
site of the A trisaccharide. These alterations affect glycan-binding 
mechanisms in bovine P[3] RVC VP8*.

Sequence alignment of VP8* proteins from different RVC genotypes 
confirmed the notable variations, such as the three-amino acid deletion 
in the βK-β2 loop and the substitution of Trp with Leu at the end of β1 
beginning of β1-βB loop. These changes were observed exclusively in 
bovine P[3] and porcine P[5] genotypes. These structural and sequence 
differences may explain the shift in recognition from the A antigen to 
LacNAc and H2 glycans in bovine P[3] and possibly porcine P[5]. This 
may also clarify why a recent study found no binding to saliva samples 
by P[3] and P[5], as these genotypes appear to lack affinity for type I 
antigens [28].

In this context, the comparison with the human P[2] RVC genotype is 
particularly informative. Consistent with previous reports, we observed 
that the human VP8* showed weak binding to LacNAc but a strong 

Fig. 6. A) Proposed NMR-validated 3D model for the binding of bovine RVC VP8* and H2 antigen. In magenta is shown H2 antigen with α configuration. This frame 
corresponds to frame 321 (the lowest NOE R-factor) of the MD simulation (protein in cyan-colored cartoon, ligand in magenta sticks) of the complex. Hydrogen bonds 
are shown in yellow dashed lines. B) Comparison between the calculated (yellow bars) and experimental (blue bars) relative STD0 factors (binding epitope mapping) 
of the non-exchangeable protons of the H2 antigen bound to the bovine RVC VP8*. A NOE R-factor of 0.11 was obtained using a cutoff of 12 Å.
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interaction with the A-trisaccharide. Importantly, our results also pro
vide the first evidence that human P[2] RVC VP8* can bind to GM3, with 
an even higher affinity than to the A-trisaccharide [28]. This broader 
glycan-binding profile is in contrast to the more specific recognition of 
LacNAc and H2 by the bovine P[3] VP8*. These differences may indicate 
different host adaptations, and emphasize how RVC has evolved to 
exploit diverse glycan receptors through genotype-dependent 
mechanisms.

Moreover, when compared with other non-A RV species, some 
interesting patterns emerge. It has been reported that the human RVB 
VP8* protein interacts with glycans carrying a LacNAc moiety. How
ever, glycan-binding data for RVH VP8* proteins are currently lacking. 
[80]. The strong specificity of bovine P[3] RVC VP8* for both the Lac
NAc and H2 antigen appears to be unique, emphasizing the distinctive 
glycan recognition profile of RVC and its evolutionary adaptation to host 
glycans.

Similar to P[11] RVA, the specific binding between bovine RVC VP8* 
and the H2 antigen strongly suggests that H2 may function as a cellular 
adhesion factor for bovine RVC. Molecular docking studies revealed that 
the H2-binding site is located in the cleft between the β-sheets, inter
acting with the βK-β2 loop via residues Arg206 and Glu208. Notably, 
E208 is one of the least conserved residues among human and animal 
RVC VP8* sequences. Furthermore, shortening of the βK-β2 loop 
appeared critical for H2 binding, leading to a reorientation of the ligand 
to accommodate the binding pocket. This H2 recognition mechanism 
appears to be specific to RVC, as the interaction between bovine and 
human P[11] RVA VP8* proteins with LNnT (the core H2 antigen) oc
curs at the βK-βH cleft. Although the cleft width is similar to that in RVC, 
the βC-βD loop is shorter, promoting a shift in the binding site (Fig. S8).

Our study reveals that, as with RVA, RVC exhibits a wide variety of 
interactions with HBGAs, indicating evolutionary adaptation to host 
genetic factors and glycans. Our work also raises epidemiological 
questions about P[3] RVC, such as its prevalence in cattle and the po
tential for cross-species infection involving sheep and other animals. 
Their affinity for the LacNAc and H2 antigens suggests that the gastro
intestinal epithelium of neonates and young children may be susceptible 
to infection [81]. Further studies are needed to investigate the global 
prevalence of P[3] RVC and the HBGA-binding profiles of other geno
types, such as porcine P[5]. Understanding these binding mechanisms 
provides valuable insight into potential zoonotic transmission. The role 
of VP8* and its ligands in mediating RVC cell entry and replication, 
however, remains to be explored further.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijbiomac.2025.149621.
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[6] R. Dóró, S.L. Farkas, V. Martella, K. Bányai, Zoonotic transmission of rotavirus: 
surveillance and control, Expert Rev. Anti Infect. Ther. 13 (2015) 1337–1350, 
https://doi.org/10.1586/14787210.2015.1089171.

[7] U. Desselberger, Rotaviruses, Virus Res. 190 (2014) 75–96, https://doi.org/ 
10.1016/j.virusres.2014.06.016.
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N. Navarro-Lleó et al.                                                                                                                                                                                                                          International Journal of Biological Macromolecules 337 (2026) 149621 

10 

https://doi.org/10.1016/j.ijbiomac.2025.149621
https://doi.org/10.1016/j.ijbiomac.2025.149621
https://doi.org/10.13039/501100011033
https://doi.org/10.13039/501100011033
https://doi.org/10.1007/978-3-319-30723-7_3
https://doi.org/10.1001/jamapediatrics.2018.1960
https://doi.org/10.1001/jamapediatrics.2018.1960
https://doi.org/10.1007/s00705-012-1273-3
https://doi.org/10.1016/j.meegid.2016.12.002
https://doi.org/10.1016/j.meegid.2016.12.002
https://doi.org/10.3201/eid2104.141370
https://doi.org/10.1586/14787210.2015.1089171
https://doi.org/10.1016/j.virusres.2014.06.016
https://doi.org/10.1016/j.virusres.2014.06.016
https://doi.org/10.1016/j.coviro.2021.03.011
https://doi.org/10.1016/j.coviro.2015.08.012
https://doi.org/10.1038/emi.2017.30
https://doi.org/10.3389/fimmu.2021.793841
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