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ABSTRACT 

The outer capsid spike protein VP4 of rotaviruses is a major determinant of infectivity and 

serotype specificity. Proteolytic cleavage of VP4 into two domains, VP8* and VP5*, enhances 

rotaviral infectivity. Interactions between the VP4 carbohydrate-binding domain (VP8*) and cell 

surface glycoconjugates facilitate initial virus-cell attachment and subsequent cell entry. Our 

STD NMR and ITC studies demonstrated that VP8*64-224 of canine rotavirus strain K9 interacts 

with N-acetyl- and N-glycolyl neuraminic acid derivatives, exhibiting comparable binding 

epitopes to VP8* from other neuraminidase-sensitive animal rotaviruses from pigs (CRW-8), 

cattle (NCDV), and Rhesus monkeys (RRV). Importantly, evidence was obtained for a 

preference by K9 rotavirus for the N-glycolyl- over the N-acetylneuraminic acid derivative. This 

indicates that a VP4 serotype 5A rotavirus (such as K9) can exhibit a neuraminic acid receptor 

preference that differs from that of a serotype 5B rotavirus (such as RRV), and the receptor 

preference of rotaviruses can vary within a particular VP4 genotype.   
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1. Introduction 

Rotaviruses (family Reoviridae, subfamily Sedoreovirinae, genus Rotavirus) are the leading 

cause of acute dehydrating gastroenteritis in infants and young animals worldwide.1 The viral 

genome comprises 11 segments of double-stranded RNA, encoding six structural proteins (VP1-

VP4, VP6 and VP7) and six non-structural proteins (NSP1-NSP6).2 The binary classification of 

rotaviruses into the G and P serotypes/genotypes is based on the two outer capsid proteins, VP7 

(defines G types) and the virus spike protein VP4 (defines P types), which independently elicit 

neutralizing antibodies and induce protective immunity.1, 2 Designated genotypes are 

distinguished from serotypes by their listing in square brackets. Tryptic cleavage of VP4 into two 

fragments, designated VP8* and VP5*, activates rotavirus particles for efficient infection.3-6 The 

head of the VP4 spike is formed by the VP8* carbohydrate-recognition domain that some 

rotavirus strains utilize to bind to sialic acid-containing glycoconjugates.7-14 Previous studies 

have shown that sialic acid dependency correlates with VP4 genotype specificity, which could be 

the basis for host tropism, host adaptation and zoonosis.15, 16 Rotavirus strains belonging to the P 
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genotypes [1] (bovine NCDV), [2] (simian SA11 c13), [3] (simian RRV) and [7] (porcine CRW-

8 and TFR-41) recognise terminal sialic acids on cell surface glycans for efficient infectivity and 

consequently are classified as neuraminidase (NA)-sensitive.7, 10, 11, 13, 15, 17 Additionally, both 

NMR and cell-based studies identified the ganglioside GM1 as a likely receptor for some NA-

resistant rotavirus strains belonging to P[8] (human Wa, predominant globally), P[6] (human 

RV-3) and P[5] (bovine UK), and revealed that the branched (sub-terminal) sialic acid residue on 

GM1 is recognised by VP8*.8, 11 Together, these findings suggested that VP8* from most NA-

sensitive and at least some NA-resistant rotavirus strains use sialic acid-containing 

glycoconjugates as their binding partners. In a new paradigm of rotavirus receptor recognition, it 

was shown that P[14] (human HAL1166) and P[9] (human K8) rotaviruses bind to A-type histo-

blood group antigen (HBGA), at the structurally equivalent location to the VP8* sialoside 

binding site of typical NA-sensitive rotavirus strains.18-21 Human rotavirus strains of genotypes 

P[14], P[11] and P[9] are thought to originally have been derived from zoonotic transmission or 

genetic reassortment between humans and animals.18, 21 Most of the studied animal strains utilize 

sialic acid-containing glycans for their infectivity, as demonstrated by several techniques 

including X-ray crystallography, STD NMR and analysis of cell interactions by VP8* and 

mature rotavirus virions.7-9, 11, 13, 22  

 

N-acetylneuraminic acid (Neu5Ac) and its hydroxylated derivative, N-glycolylneuraminic acid 

(Neu5Gc), are the most common forms of sialic acid expressed in mammalian tissues.23, 24 
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Neu5Gc is widespread in animals but not synthesised in normal human tissues due to an 

inactivating mutation of the CMP–N-acetylneuraminic acid hydroxylase.25 However, Neu5Gc 

can be metabolically incorporated into human tissues, particularly the intestine, from animal-

derived foods and milk products.26, 27 Interestingly, most NA-sensitive rotavirus strains manifest 

striking discrimination in their degree of recognition of Neu5Ac and Neu5Gc, a feature that 

matches well with their host specificities.12 This binding specificity of VP8* protein can be 

translated to that exhibited by infectious rotavirus virions.17 To date, Neu5Gc binding to human 

rotavirus strains has not been described, which correlates with the known evolutionary loss of 

Neu5Gc expression in humans.28 Rotaviruses are regarded as zoonotic pathogens based on the 

increasing evidence reported describing the interspecies transmission of rotavirus amongst 

animals and from animals to humans.29-33 Common pets like dogs and cats exist in close 

proximity with humans, thereby posing an increased risk of zoonotic transmission (Figure 1). 

The genes of feline and canine rotaviruses, of serotype G3P5A and VP4 genotype P[3] 

specificity, share high nucleotide sequence identity, suggesting the occurrence of the interspecies 

transmission of rotaviruses between cats and dogs.34, 35 Amongst these G3P5A[3] rotaviruses, the 

feline rotavirus strain Cat97, canine rotavirus strains K9, CU-1 and A79-10, and human rotavirus 

strains Ro1845 and HRC3A were shown to share high nucleotide identities and form a distinct 

phylogenetic cluster.34 These findings highlight the importance of further exploration of rotavirus 

surveillance in companion animals and livestock.  
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In the current study, we report the first detailed biophysical studies to determine the binding 

epitope of sialic acids and the preference between N-acetyl- and N-glycolylneuraminic acids 

shown by the canine K9 VP8*64–224 (G3P5A[3]) protein. A comparable pattern of glycan binding 

and specificities could be expected for other rotavirus strains belonging to the VP4 serotype P5A 

and genotype P[3]. 

 

2. Materials and methods 

2.1 Expression and purification of recombinant canine K9 VP8*64-224 

Rotavirus strain K9, originally isolated from a diarrheic newborn dog,36, 37 was passaged 

approximately four times in MA104 cells (total cell culture passages of approximately eight 

including the original adaption to culture). Viral dsRNA was extracted as previously described 38 

and used as a template for reverse transcription cDNA synthesis using the Affinity Script cDNA 

Synthesis Kit (Agilent) and the primer 5′-ggaattctcataatctattattaatatattcagtacatttggac-3′. Products 

of the reverse transcription reaction provided templates for PCR using Phusion polymerase 

(NEB), with forward primer 5′-cgcggatccgtattagatggaccataccaac-3′ and the same primer used for 

the reverse transcription above as the reverse primer.  The BamHI and EcoRI restriction sites in 

these primers (underlined) enabled insertion of the PCR product into the bacterial expression 

vector pGEX-4T-1 (GE Healthcare), yielding pGEX-K9-VP8* encoding amino acid residues 64-

224 of K9 VP4 fused to the C-terminus of GST. The integrity of the inserted VP8* gene 

fragment was assessed by DNA sequencing. The deduced amino acid sequence of K9 VP8*64-224 
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is identical to this region of the published VP4 sequence (Accession No. BAA03545; Entrez 

Database, NCBI, NIH). The plasmid pGEX-K9-VP8* was transformed in Escherichia Coli strain 

BL21 (DE3) using electroporation. Escherichia Coli strain BL21 (DE3) cells containing pGEX-

K9-VP8* were grown at 310 K in Luria-Bertani medium supplemented with 150 μg ml-1 

ampicillin. The overnight culture was diluted 1:10 into 4 x 500 ml cultures supplemented with 

100 μg ml-1 ampicillin. After reaching an OD600 of 0.6, the cultures were incubated at 298 K for 

1 h and then induced with 1mM iso-propyl-β-D-1-thiogalactopyranoside (IPTG, BioVectra DCL). 

Cells were harvested 4 h after induction by centrifugation at 6000g for 15 min, and frozen. Cell 

pellets were thawed in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM K2HPO4, 2 mM KH2PO4 pH 

7.4) supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF, Roche Diagnostics) and 

was lysed by sonication. The cell lysate was centrifuged at 20,000g, 4˚C for 30 min and the 

supernatant passed over a glutathione sepharose column (Amersham GE Healthcare) that had 

been pre-equilibrated with PBS. After the loading of cell lysate, the column was further 

equilibrated with TNC buffer (20 mM Tris pH 8.0, 100 mM NaCl, 1 mM CaCl2). Proteolytic 

digestion was performed using 10 µg ml-1 TPCK-treated trypsin (Worthington Biochemical) for 

2 h at room temperature. After digestion, a benzamidine-sepharose (Amersham GE Healthcare) 

column pre-equilibrated with TNC was connected in series with the glutathione-sepharose 

column. The protein was eluted with TNE buffer (20 mM Tris pH 8.0, 100 mM NaCl, 1 mM 

EDTA); 1 mM PMSF and 2.5 mM benzamidine were added to the eluent. This protein was 

concentrated to ~1 ml using an Amicon Ultrapure-15 centrifugal filter device and analyzed for 
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purity and molecular weight (calculated molecular weight of 18.14 kDa) by 15% SDS-PAGE 

(Supplementary Figure S1).  

 

2.2 Saturation transfer difference nuclear magnetic resonance (STD NMR) 

STD NMR studies were performed using our previously reported protocols 9 on a Bruker 600 

MHz Advance spectrometer with a conventional 1H/13C/15N gradient cryoprobe system at 288 K. 

Deuterium oxide (99.9 % deuterium, Novachem Pty Ltd (Collingwood, Australia)) was used 

for NMR buffer preparation. Synthesis of methyl-α-D-N-acetylneuraminide (Neu5Acα2Me), as 

previously reported,39 was undertaken in house along with methyl-α-D-N-glycolylneuraminide 

(Neu5Gcα2Me). Experimental samples were prepared by mixing VP8* proteins with ligand in 

NMR buffer (20 mM Phosphate buffer, pH 7.1, 10 mM NaCl), giving a molar ratio of 1:100 in 

300 µl. One-dimensional STD NMR was performed on K9 VP8*64-224 with Neu5Acα2Me and 

Neu5Gcα2Me. The K9 VP8*64-224 protein was saturated at 7.13 ppm, and off-resonance was set 

at 33 ppm with a cascade of 40 selective Gaussian-shaped pulses of 50 ms duration. A 100-μs 

delay between each soft pulse was applied, giving a total of 2 s saturation time. Data were 

obtained with an interspersed acquisition of pseudo-two-dimensional on-resonance and off-

resonance spectra. These spectra were processed separately to obtain the final STD NMR 

spectrum by subtracting individual on- and off-resonance spectra. Control STD NMR 

experiments were also performed using an identical experimental setup and ligand concentration 

but in the absence of the protein. 
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2.3  Isothermal titration calorimetry (ITC)  

K9 VP8* and ligands were prepared in TNE buffer. Samples were degassed prior to use. 

Experiments were conducted with 0.3 mM K9-VP8* and 2 mM ligand. Titrations were 

performed in a TA NanoAnalyze calorimeter using 20 injections applied 300 seconds apart. Each 

injection dispensed 2.5 µl of ligand into the sample cell containing 300 µl of K9 VP8*, at 200 

rpm. Titration and blank data were collected at room temperature, and binding isotherms were 

fitted using NanoAnalyze v3.7 software. Binding curves are representative of two independent 

measurements. Table 1 has mean of all binding constants ± standard error mean. 

2.4 Homology modelling and structure validation.  

The homology model of canine K9 VP8*64–224 was constructed using the SWISS-MODEL 

server,40 based on amino-acid sequence alignment with RRV VP8* (80.12 % amino-acid 

sequence identity) and the three-dimensional protein structure of RRV VP8*62–224 (PDB: 1KQR 

41). The global model quality estimation (GMQE) score was 0.96 which reflects a high accuracy 

of the model built based on the sequence alignment and template, and QMEAN (Qualitative 

Model Energy Analysis) Z-score was 0.66 indicating the overall quality of the model is 

reliable.42, 43  

 

3. Results and discussion 

3.1 STD NMR studies of Neu5Acα2Me and Neu5Gcα2Me interactions with K9 VP8* 
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The neuraminic acid derivatives Neu5Acα2Me and Neu5Gcα2Me represent the minimal 

sialosides with a defined anomeric state that VP8* proteins from NA-sensitive animal rotaviruses 

recognise and bind.7, 17 Some animal rotavirus strains (CRW-8, NCDV, RRV and UK) have been 

reported to interact with the glycerol side chain, N-acetamide (NHAc) group, and the carboxylic 

acid group of the sialic acid residue of gangliosides.7, 9-13 We have used STD NMR to examine 

the interaction of the N-acetyl and N-glycolyl derivatives Neu5Acα2Me and Neu5Gcα2Me with 

canine K9 VP8*. In the STD NMR spectrum of K9 VP8*64-224 protein in the presence of 

Neu5Acα2Me, the greatest STD effect was observed for the methyl group of the acetyl (NHAc) 

moiety at approximately 1.85 ppm (Figure 2A). This is consistent with previously published 

studies, showing an interaction of the NHAc group with VP8* proteins.7, 9, 17, 44 Similarly, the 

glycolyl group (NHGc) of Neu5Gcα2Me makes contact with the K9 VP8*64-224 protein, as 

shown by the STD signal at ~3.9 ppm (Figure 2B). In the crystal structure of RRV (1KQR and 

3TB0)17, 44 and also CRW-8 VP8* with this ligand (2I2S and 3TAY)7, 17, the carboxylic group 

interacts with the protein, engaging in hydrogen bonding with the backbone proton and also the 

hydroxyl group proton of Ser190. In the STD NMR experiments the carboxylic acid group 

would be deprotonated due to the buffer maintaining a pH slightly above neutral. The control 

STD NMR spectra of Neu5Acα2Me and Neu5Gcα2Me (without the protein) reveal no 

significant STD signals (data not shown). The methyl aglycon (1H at ~ 3.14 ppm) does not show 

a binding signal in the STD NMR spectrum (Figure 2), indicating that this aglycon unit of both 

Neu5Gcα2Me and Neu5Acα2Me is not involved in direct interactions with K9 VP8*. This 
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correlates well with observations in other animal rotavirus strains such as CRW-8 and RRV.7, 9, 17 

Our findings show that in solution K9 VP8* interacts with N-acetyl- and N-glycolylneuraminic 

acid derivatives in a similar fashion as reported previously for the P[7] (CRW-8) and P[3] (RRV) 

rotavirus strains. In addition, our NMR data for the VP8* complex with Neu5Acα2Me and 

Neu5Gcα2Me are in a good agreement with the X-ray crystallographic complex structures of the 

VP8* of other animal rotaviruses.7, 9, 17, 44 Our data demonstrate that K9 VP8* recognises sialic 

acid-containing glycans as potential binding partners and shares the comparable sialic acid-

binding epitope with several NA-sensitive animal rotaviruses. 

 

3.2 Characterization of the neuraminic acid binding preference of K9 VP8* 

Binding of some rotavirus strains to sialic acid-containing glycans is one of the critical steps for 

infection of host cells. Interestingly, rotaviruses exhibit distinct glycan specificity, which may be 

an essential determinant that restricts its spread amongst different species. NA-sensitive animal 

rotavirus strains NCDV, OSU, CRW-8, and SA11 have shown a preference for Neu5Gc over 

Neu5Ac, which contrasts with the RRV (P5B[3]) preference.12, 17, 41, 45 The distinct binding 

preference of RRV was explained by amino acid variations in the VP8* carbohydrate binding 

site.17 The amino acid at position 187 of VP8* is a glycine in most NA-sensitive animal strains, 

whereas RRV has a lysine (Figure 3). The presence of lysine in RRV has ability to cause steric 

hindrance with the hydroxyl group of the N-glycolyl moiety of Neu5Gc.17, 46 It has been 

proposed that the amino acid at position 187 in NA-sensitive rotavirus VP8* could influence the 
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binding preference toward sialic acid derivatives, whereas the amino acid at position 157 affects 

VP8* binding affinity rather than carbohydrate specificity (Figure 3).17 In canine rotavirus K9 

VP8*, proline and glycine are located at positions 157 and 187, respectively. Based on the 

above considerations it is anticipated that K9 VP8* would show preference for Neu5Gc over 

Neu5Ac. ITC was used to investigate the binding affinities of Neu5Acα2Me and Neu5Gcα2Me 

towards K9 VP8* protein (Figure 4). The Kd values obtained for Neu5Acα2Me (Figure 4A) and 

Neu5Gcα2Me (Figure 4B) are 50.32 µM and 27.50 µM respectively (Table 1). The K9 VP8* 

shows preference for the glycolyl over the acetyl neuraminc acid derivative, further supporting 

the hypothesis that the glycan specificity is influenced by the presence of glycine at position 187. 

This is consistent with previously reported binding affinities for VP8* of OSU and CRW-8, both 

having glycine at position 187, that showed a minimum three-fold higher affinity for the N-

glycolyl over the N-acetyl derivative.12  

 

 

 

3.3 Homology modelling of K9 VP8*64-224 

The specificity and affinity shown by canine K9 VP8* towards N-glycolylneuraminic acid has 

led us to generate its homology model to analyze the predicted three-dimensional arrangements 

of the amino acids. To examine our computational model of K9 VP8*64-224, QMEAN was 

calculated, which is a composite scoring function based on distinct geometrical properties and 
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yields an absolute quality estimate on the basis of one single model. The QMEAN score ranges 

between 0 to 1, with a value closer to 1 reflecting a better quality of the model. The QMEAN 

tool provides the local quality plot that shows the expected resemblance of each residue to the 

native structure. The local quality plot (Supplementary Figure S2) for K9 VP8*64-224 model 

demonstrates that all the residues have high similarity to the target, indicating lower per residue 

error.  The QMEAN Z-score for the current homology model (0.66) was compared with the Z-

score of all the high-resolution crystal structure of similar size and is plotted in comparison plot 

(Supplementary Figure S3). Thus, the quality indicators demonstrated that the K9 VP8*64-224 

homology modeled structure is highly reliable. Structural superimposition (Cα atoms) of the 

canine K9 (P5A[3]) VP8*64-224 homology model (by nature of the modelling is identical to the 

rhesus RRV (P5B[3]) with root mean square deviation (r.m.s.d) of 0.06 Å) gives an r.m.s.d of 

∼0.51 Å when compared to porcine CRW-8 (P[7]) VP8*, showing an overall comparable fold of 

the VP8* protein domain (Figure 5). Closer inspection discloses important differences, notably 

the alternative conformation state of the Gly156-Pro157 peptide bond (Figure 5B). Proline is the 

predominant residue at position 157 of NA-sensitive animal rotaviruses with serine (simian 

SA11, bovine NCDV) being the primary alternative. The presence of proline would impart 

conformational flexibility to the protein chain due to cis- and trans- isomerization, which would 

vary the polarity of the surface of sialic acid binding cleft by altering the direction of the 

carbonyl group of Gly156. Such flexibility is observed in the crystal structure of RRV VP8* 

(PDB: 1KQR), where the Gly156-Pro157 peptide bond can take on both cis- and trans- 
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conformations, with trans (where the Gly156 carbonyl is directed into the binding-site) being 

dominant.44 Based on Psi-Blast profiles and secondary structure information a cis- peptide bond 

was predicted for Pro157 using CISPEPpred server 47 ( http://sunflower.kuicr.kyoto-u.ac.jp) for 

K9, RRV and CRW-8 VP8*, giving indication that this peptide bond could have a tendency to 

easily undergo cis-trans isomerisation. Our generated K9 VP8* 3D model presented the Gly156-

Pro157 peptide bond in a cis-conformation, whereas it is trans in most of sialoside complexed 

VP8* crystal structures (Figure 5B). A sodium ion has been observed in some NA-sensitive 

VP8* crystal structures to coordinate with the carbonyl of Gly156, and appears to stabilise the 

Gly156-Pro157 peptide bond in the trans-conformation, however, the specific biological role of 

the sodium ion at this site remains unclear.7, 12, 13, 17, 22 Site-directed mutagenesis from proline to 

serine showed a significant reduction in the affinity of N-acetylneuraminic acid, and thus reflects 

the importance of proline at position 157.17 Interestingly, the canine rotavirus K9 VP8* (Kd ~50 

µM) showed over fivefold higher affinity for Neu5Acα2Me when compared to porcine CRW-8 

(~270 µM) 17 and rhesus RRV (~300 µM) 22. Our STD NMR data demonstrated that the ligand 

N-acetyl or N-glycolyl group actively engages with K9 VP8* and thus the local environment in 

this region of the protein could alter the specificity and/or affinity of the specific carbohydrates. 

The Gly156-Pro157 segment lies adjacent to the N-acetyl group of Neu5Acα2Me and thus its 

flexibility may influence its binding (Figure 5C). The residues forming the sialic acid binding 

sites are highly conserved among NA-sensitive rotavirus strains (Figure 3). The K9 VP8* has a 

serine instead of asparagine (RRV and CRW-8) at the 178 position, which is in close proximity 
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to the N-acetyl group of the N-acetylneuraminic acid (Figure 3, Figure 5). Thus, the less bulky 

serine at 178 position in K9 would alter the local environment of sialic acid binding site and may 

influence the binding of N-acetylneuraminic acid (Figure 5). The amino acid sequence alignment 

of VP8* from different rotavirus strains shows that the canine K9 VP8* (P5A[3]) shares 98% 

and 96% sequence identity to that of human rotaviruses HCR-3A and Ro1845, respectively 

(Figure 3). The sialic acid binding site on the VP8* domain is highly conserved across most NA-

sensitive animal rotaviruses, and is also conserved in some human strains like HCR-3A and 

Ro1845, suggesting that these may recognise host cell sialic acids similarly to the animal strains. 

The presence of the same amino acids at positions 157,187, and 178 further suggests that the 

P5A[3] rotaviruses K9, HCR-3A and Ro1845 could all have equivalent preferences and affinity 

for the N-glycolyl- and N-acetyl- forms of sialic acid-containing gangliosides.  

 

4. Conclusion 

Multiple rotavirus strains exhibit a degree of restriction to a particular host species. Species-

specific strains are more frequently identified compared to interspecies strains.16 The zoonotic 

potential of rotaviruses has increased the burden and challenges in control of rotavirus disease. 

The rotavirus VP8* mediates initial interaction with cellular glycans, which is a critical step for 

viral pathogenesis, host restriction, and zoonotic transmission. The glycan binding has been 

previously shown to be translated to that exhibited by infectious rotavirus particles 17, 20. Our 

results demonstrate that canine K9 (P5A[3]) VP8*, and by inference the virions, possesses the 
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ability to bind both N-glycolyl- and N-acetyl- derivatives of sialic acid, with a preference for the 

N-glycolyl form. This contrasts the well-established preference of the P5B[3] rotavirus strain 

RRV for N-acetylneuraminic acid over the N-glycolyl form,13, 17, 41 and demonstrates that the 

receptor preference of rotaviruses can vary between the subtypes (A and B) within a VP4 

serotype (P5) and also within a VP4 genotype (P[3]). The variation in the sialic acid binding cleft 

region amongst rotavirus strains could influence the recognition and the binding of rotaviruses 

with cellular glycan receptors to some extent. The higher affinity for Neu5Acα2Me shown by 

subtype A over subtype B, further suggests that animal rotaviruses of the P5A serotype (canine 

K9) could bind efficiently to the glycans that are expressed in the human intestine. Our studies 

provide crucial information for understanding the initial rotavirus–cell engagement and 

adaptation to intestinal replication in alternative hosts.  
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TABLES 

 

Table 1    Isothermal titration calorimetry data statistics 

 

Protein ligand Kd (µM) N ∆H (kJ/mol) Ka (104 M-

1) 

∆S (J/mol-K) 

Canine 

K9 

Neu5Acα2Me 50.32 ± 5.23 1.16 ± 0.14 -1.42 ± 1.27 1.99 ± 0.20 77.54 ±3.41 

Neu5Gcα2Me 27.50 ± 0.20 1.15 ± 0.30 -1.36 ± 0.68 3.62 ± 0.03 82.71± 2.34 
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Figure Legends 

Figure 1 .  Inter-species and zoonotic transmission of rotaviruses.  The VP8* sub-domain 

of rotaviruses makes initial contact with host cell surface glycoconjugates. Neu5Gc is 

widespread in animals but not synthesized in human tissue (expresses Neu5Ac). Common pets 

for example feline and canine act as the reservoir for the specific genotype and are capable of 

This article is protected by copyright. All rights reserved.



 22 

transmitting among themselves. Human-pet interaction often leads to the introduction of animal 

rotaviruses into the humans and thus the emergence of new human strains. Rotaviruses belonging 

to G3P5A serotype usually infect canine/feline and has also been identified in humans showed 

preference for Neu5Gc, contrasting G3P5B serotype (isolated from simian) that prefer Neu5Ac.    

 

Figure 2.  STD NMR studies of canine K9 VP8*64-224 with N-acetyl and N-glycolylneuraminic 

acid derivatives. (A) STD NMR analysis of K9 VP8*64-224 with Neu5Acα2Me. (i) 1H NMR 

spectrum of Neu5Acα2Me; (ii) STD NMR spectrum of Neu5Acα2Me in the presence of VP8* at 

a protein-ligand molar ratio of 1:100. The methyl group of the NHAc moiety gives an STD 

signal at ∼1.85 ppm (indicated by an arrow). (B) STD NMR analysis of K9 VP8*64-224 with 

Neu5Gcα2Me. (i) 1H NMR spectrum of Neu5Gcα2Me; (ii) STD NMR spectrum of 

Neu5Gcα2Me in the presence of VP8* at a protein-ligand molar ratio of 1:100. The methylene 

group of the NHGc gives a signal at ∼3.9 ppm (indicated by an arrow). 

 

Figure 3.  Amino acid sequence alignment of VP8* from animal rotaviruses K9 (P5A[3]), 

RRV(P5B[3]), CRW-8 (P9[7]) and TFR-41 (P9[7]) and human rotaviruses HCR-3A (P5A[3]), 

Ro 1845 (P5A[3]), Wa (P1A[8]) and DS-1 (P1B[4)]. The VP8* sequences of Wa and DS-1 have 

a deletion at position 135 (indicated by a solid red triangle). VP8* sialic acid-binding amino 

acids (Arg101, His/Tyr155, Tyr188, and Tyr189) that are conserved amongst animal rotaviruses 
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K9, TFR-41, CRW-8, and RRV and human rotaviruses HCR-3A and Ro1845, are indicated by 

red stars. Amino acids at position 157, 178, and 187 are highlighted in red. The multiple 

sequence alignment was performed by Clustal Omega. 48 The Alignment diagram was generated 

by ALINE. 49 Black to white gradient indicates the decreasing conservation.  

 

Figure 4.  ITC analysis of K9 VP8*64–224 binding to Neu5Acα2Me (A) and Neu5Gcα2Me (B). 

The average Kd value for each combination was calculated with n set to 1 (values in Table 1). 

 

Figure 5. (A) Superimposition of the canine K9 VP8* homology model with crystal structures of 

rhesus RRV VP8* and porcine CRW-8 VP8*. Cartoon representation with red helix and the β-

strands and loops of K9, RRV, and CRW-8 VP8* colored yellow, cyan, and green respectively. 

The Gly156-Pro157 segment region is indicated by a red arrow. (B) Superimposition of residues 

forming the sialic acid binding site of K9 (yellow stick), RRV (cyan stick) and CRW-8 (green 

stick). The residues showing differences are labeled in red. RRV has lysine at position 187 (note 

that there are 2 sidechain conformations) instead of glycine (K9 and CRW-8). K9 has serine at 

position 178 instead of asparagine that is found in RRV and CRW-8. (C) The sialic acid binding 

cleft region in the homology model of K9 VP8* with the superimposed RRV VP8* in complex 

with Neu5Acα2Me (PDB: 1KQR). K9 VP8* is in a surface representation (carbon, nitrogen and 
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oxygen atoms colored in white, blue, and red respectively). The Neu5Acα2Me molecule is 

depicted in yellow stick form and the RRV VP8* is excluded from the figure for clarity.  
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