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ABSTRACT  Group/species C rotaviruses (RVCs) have been identified as important
pathogens of acute gastroenteritis (AGE) in children, family-based outbreaks, as well as
animal infections. However, little is known regarding their host-specific interaction, infec-
tion, and pathogenesis. In this study, we performed serial studies to characterize the
function and structural features of a human G4P[2] RVC VP8* that is responsible for the
host receptor interaction. Glycan microarrays demonstrated that the human RVC VP8*
recognizes type A histo-blood group antigens (HBGAs), which was confirmed by syn-
thetic glycan-/saliva-based binding assays and hemagglutination of red blood cells, es-
tablishing a paradigm of RVC VP8*-glycan interactions. Furthermore, the high-resolution
crystal structure of the human RVC VP8 was solved, showing a typical galectin-like
structure consisting of two B-sheets but with significant differences from cogent pro-
teins of group A rotaviruses (RVAs). The VP8* in complex with a type A trisaccharide dis-
plays a novel ligand binding site that consists of a particular set of amino acid residues
of the C-D, G-H, and K-L loops. RVC VP8 interacts with type A HBGAs through a unique
mechanism compared with that used by RVAs. Our findings shed light on the host-virus
interaction and the coevolution of RVCs and will facilitate the development of specific
antivirals and vaccines.

IMPORTANCE Group/species C rotaviruses (RVCs), members of Reoviridae family, in-
fect both humans and animals, but our knowledge about the host factors that con-
trol host susceptibility and specificity is rudimentary. In this work, we characterized
the glycan binding specificity and structural basis of a human RVC that recognizes
type A HBGAs. We found that human RVC VP8*, the rotavirus host ligand binding
domain that shares only ~15% homology with the VP8* domains of RVAs, recog-
nizes type A HBGA at an as-yet-unknown glycan binding site through a mechanism
distinct from that used by RVAs. Our new advancements provide insights into RVC-
cell attachment, the critical step of virus infection, which will in turn help the devel-
opment of control and prevention strategies against RVs.

KEYWORDS group/species C rotavirus (RVC), host factor, VP8* domain, crystal
structure, type A HBGA, virus-glycan binding site

otaviruses (RVs), members of the Rotavirus genus in the family Reoviridae, are
double-stranded RNA viruses causing acute gastroenteritis (AGE) in humans and
animals (1). RVs are currently classified into nine groups/species (A to ) and a further
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tentative group J (2-4), among which group A, B, C, and H RVs infect both humans and
animals, while groups D to G, |, and J cause diseases only in animal species. Group A RVs
(RVAs) have been mostly studied and recognized as the leading cause of severe AGE
worldwide (5). The RV genome consists of 11 double-stranded RNAs encoding 12
proteins, including 6 structural and 6 nonstructural proteins (1). RVs can be classified
into different G and P genotypes on the basis of their outer capsid proteins, VP7 and
VP4, respectively (6). The RV spike protein VP4 can be cleaved by trypsin into the VP5*
and VP8* proteins, and the distally located VP8* domain is involved in interacting with
host receptors to initiate an infection process (7-9).

RVAs have been shown to recognize cell surface glycans as ligands or receptors,
which are crucial factors for viral attachment and entry. The available data indicate that
various RVAs are able to bind variable glycans in a strain-specific manner (reviewed in
references 10 and 11). For example, many animal RVAs tend to recognize the terminal
sialic acids of sialoglycoconjugates, such as gangliosides, and some human RVAs can
also interact with gangliosides with internal sialic acids (12, 13), while many other
human RVAs interact with histo-blood group antigens (HBGAs), HBGA precursors,
and/or mucins (13-23). These complex interactions between glycans and RVAs were
shown to play an important role in RVA infections, host ranges, host tropisms, and
cross-species transmission, highlighting the host-RV coevolution over time. However,
the glycan binding features of other non-group A RVs remain rudimentary. Therefore,
further study of the diverse RV-host glycan interactions would provide insights into RV
epidemiology, prevalence, possible zoonotic transmission, and development of new
prevention strategies against RVs.

Unlike RVAs, group/species C rotaviruses (RVCs) grow poorly in cell culture and have
been studied only minimally. RVCs were reported to be associated with sporadic cases
of diarrhea in children, family-based small outbreaks of gastroenteritis, and animal
infections. RVCs causing diarrhea were first detected in pigs in 1980 (24) and were
subsequently detected in bovines, dogs, and ferrets (25-27). They are now recognized
as an important pathogen causing gastroenteritis in pigs in many countries. Surveil-
lance studies showed that more than 70% of adult pigs exhibited RVC-reactive anti-
bodies, indicating that RVCs circulate widely in pig populations (28). Sialic acids were
reported to constitute an essential part of the cell receptor for the porcine group C virus
(29). While the first human infection was reported in 1982 (30), RVCs are now known to
be important pathogens causing diarrhea in humans of various age groups, including
children and adults (31). A reported reassortment event of human RVCs in Hungary and
the observation of both Indian-Bangladeshi and Far East Asian RVCs in Japan indicated
that RVCs circulate widely (32-34). With implementation of the current RVA vaccines,
RVA infections in humans have decreased worldwide (35-38), which may build up
pressure prompting the emergence of new immune-escaping RVs (39, 40), and thus, it
is of significance to document the circulation of other RVs, including RVCs.

The known RVCs have been sorted into 18 G and 21 P types (41). The reported
human, bovine, and dog RVCs have been classified as G4P[2], G2P[3]/P[10], and
G11P[11], respectively, while porcine RVCs show a similar diversity of 15 G and 17 P
genotypes (41). The two outer capsid proteins (VP7 and VP4) are highly conserved
among all human RVCs, sharing >95% sequence identity. Phylogenetic analysis based
on VP7 and VP4 indicated that all human RVCs clustered tightly together, forming a
single branch that, however, is distinct from other clusters of animal RVCs (42). In fact,
our current understanding of RVCs, including their host ranges, epidemiology, evolu-
tion, interspecies transmission, and pathogenesis, remains limited. To this end, we set
off to study the host factor interacting with the VP8* domain of human G4P[2] RVC and
the interaction mechanism, aiming to advance our understanding of the virus-host
interaction, host-specific infection, and evolution of RVCs.

RESULTS
VP8* glycan binding specificity of human RVCs. Our study started with the
determination of the glycan binding specificity of human G4P[2] RVC VP8*, based on
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the fact that the VP8* domain is responsible for host receptor interactions, which play
a key role in specific host infection of RVs (reviewed in references 10 and 11). The
recombinant VP8* proteins of two human RVC strains (Bristol and sz94) were produced
as glutathione S-transferase (GST)-tagged proteins and were used as probes to perform
glycan arrays against a glycan library containing 600 mammalian glycans (see Materials
and Methods). Both VP8* proteins exhibited significant binding signals to more than a
dozen glycans containing terminal sequences of GalNAca1-3(Fuca1-2)Gal (Fuc, Gal, and
GalNAc stand for fucose, galactose, and N-acetylgalactosamine, respectively), compris-
ing the type A HBGAs (colored yellow in Fig. 1). In addition, the two GST-VP8* proteins
also appeared to be binding signals to glycans containing a GIcNAcB1-3Gal31-4GIcNAc
motif (glycan numbers 375, 538, and 548), although the binding signals of glycan 375
differed between the two proteins.

To further confirm the observed ligand binding specificity, we conducted glycan
binding assays using synthetic oligosaccharides representing various HBGAs and sialic
acids, including H type 1 (H1), H type 2 (H2), H type 3 (H3), type A and type B
trisaccharides (A and B, respectively), Lewis a (Le?), Lewis b (LeP), Lewis x (LeX), Lewis y
(LeY), type 1 and type 2 precursors (pre | and pre |l, respectively), Neu5Ac, Neu5Gc, and
sialyl-Lex (sLeX). The results showed that the VP8* proteins of human RVCs bound
specifically to the oligosaccharides representing the type A HBGA (Fig. 2a). Further-
more, saliva-based binding assays showed that the VP8* proteins bound strongly to the
type A and AB saliva samples (Fig. 2b), while the binding signals to the remaining saliva
samples were significantly weaker. Finally, red blood cell (RBC) hemagglutination assays
showed that the VP8* proteins were able to agglutinate type A and AB but not type O
or B RBCs (Fig. 2¢). Taken together, our data indicated clearly that the VP8* domains of
human G4P[2] RVCs recognize type A HBGAs.

Structural features of the human RVC VP8*. To understand the structural basis of
the observed binding feature between the human RVC VP8* and the type A HBGAs, the
core VP8* domain (amino acids 64 to 224) of the Bristol strain was produced and
crystallized. The high-resolution (1.8 A) crystal structure of the core VP8* was solved
(PDB accession number 5ZHG). Interestingly, human RVC VP8* exhibits a galectin-like
folding typical of that of RVA VP8*s with two twisted antiparallel B-sheets that consist
of strands C, D, G, H and A, L, B, |, J, K, respectively (Fig. 3a), although RVC VP8* shares
only 15% sequence homology with the cognate proteins of RVAs. However, despite the
similarity in their global folding, the RVC VP8* exhibits significant differences from RVA
VP8*s, with the root mean square deviation (RMSD) value being more than 7 A. First,
RVC VP8* shows two longer B-strands, the BJ and BK strands, and the BL strand in RVA
VP8* is replaced by a loop in the RVC VP8* (Fig. 3b). Second, RVC VP8* shows variations
in the loop regions, including two longer loops, the J-K and C-D loops, and an alteration
in the orientation of the G-H loop (Fig. 3b). Third, the region corresponding to the
glycan binding site of the RVA VP8* is constituted by a completely new set of amino
acids in the RVC VP8* (Fig. 3c and d). Fourth, unlike the positive electrostatic features
in the RVA VP8*, the RVC VP8* reveals neutral and negative electrostatic properties (Fig.
3e and f; compare the boxes framed by dashed lines).

Identification of RVC glycan binding site. Identification of the RVC glycan binding
site was achieved by solving the crystal structures of the RVC VP8* in complex with a
type A trisaccharide. We cocrystallized the core VP8* proteins with synthetic type A
trisaccharides [GalNAca1-3(Fuca1-2)Gal] and obtained the crystal structures of the
complex at high resolution (1.4 A) (PDB accession number 5ZHO), showing clearly the
density of the bound ligand (Fig. 4a). The type A trisaccharide binds to a cavity that
consists of the C-D, G-H, and K-L loops (Fig. 4a). Compared with the native VP8*
structure, no conformational changes caused by HBGA binding were noted. Both
hydrogen bonds and hydrophobic interactions contribute to the HBGA binding (Fig. 4b
to d). Both GalNAc and Fuc of the type A HBGA participate in the interactions. The
GalNAc interacts with Ala110, Gly152, Arg206, and Ser207 through four hydrogen
bonds, and the interaction was further stabilized by hydrophobic contacts with Leu109,
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sz94

FIG 1 Glycan binding specificity of two human RVC VP8*s (Bristol and sz94) determined through glycan arrays. (a and b) Graphical representation of binding
of two GST-tagged human RVC (Bristol and sz94) VP8*s at 50 wg/ml (a) and 5 pg/ml (b) to 600 glycans in the array. Relative fluorescent units (RFU),
corresponding to the strength of binding to individual glycans 1 to 600, are shown. (c) The top 16 glycans with the highest binding intensity, among which
the ones containing the type A HBGA motif, GaINAca1-3(Fuca1-2)Gal, are highlighted in yellow. The binding strengths at the two concentrations are shown.
StDev, standard deviation; CV, coefficient of variation.
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Ala110, Glu151, Gly152, Pro205, and Ser207 (Fig. 4c and d). The Fuc forms two
hydrogen-bonding interactions with Asn208 and two hydrophobic interactions involv-
ing Asn108 and Asn208. In contrast, the Gal of the type A trisaccharide projects out
from the VP8* surface, showing no direct contact with the RVC VP8*.

The new binding mode and binding mechanism of human RVC. Compared to
human P[14] RVA, which also recognizes type A HBGAs (15), the human P[2] RVC VP8*
binds the same type A antigen through a distinct binding mode and mechanism. While
the A antigen binding site of P[14] RVA VP8 is located within the cleft between the two
B-sheets, the binding site of P[2] RVC VP8* moves away from the cleft. As a result, the
RVC VP8* glycan binding site is a composed of nine residues (Asn108, Leu109, Ala110,
Glu151, Gly152, Pro205, Arg206, Ser207, and Asn208) that showed no conservation with
those of P[14] or other RVA glycan binding sites (Fig. 3d and 5a and b). Furthermore,
the RVC binding site displays an electrostatically neutral feature at the bottom that
accommodates the GalNAc and a negative edge region that interacts with the Fuc.
These features are distinct from those of the RVA glycan binding sites, which are
positive at the bottom region contacting GalNAc and negative at the region interacting
with the Gal (Fig. 5c and d). In addition, the GalNAc and the Gal of the type A antigen
participate in the interactions with the VP8* of P[14] RVA. In contrast, in the human RVC,
the GalNAc (A epitope) interacts with six amino acids and thus plays the major role,
and the Fuc (H epitope) interacts with two amino acids and thus plays a minor role,
while the Gal is not involved in the interaction with the VP8* (Fig. 4d).

VP8* glycan binding specificity of animal RVCs. To further evaluate the glycan
binding properties of animal RVCs, the VP8* proteins of two pig RVCs (porcine 1992
P[1], porcine 2011 P[5]), a dog RVC (dog 2012 P[11]), and a bovine RVC (bovine P[3])
were generated and used for binding assays. Saliva binding assays revealed that the
VP8*s of the porcine 1992 P[1] and the dog 2012 P[11] RVCs preferably bound type A
and type AB saliva samples (Fig. 6a), whereas porcine 2011 P[5] and bovine P[3] VP8*s
did not bind any saliva samples. The VP8* of dog RVC (P[11]) hemagglutinated type A
and type AB RBCs (Fig. 6b). These data suggest that some of the animal RVCs may share
the ability to bind the type A HBGAs.

Genetic analyses of RVC VP8*s. A previous phylogenetic analysis based on 70
human, porcine, and bovine RVC VP4 genes revealed 9 P types (42), while another
genome-wide genotyping analysis of RVCs from human, bovine, porcine, ferret, and
canine sources showed 21 P genotypes (41). We focused here on the RVC VP8* protein
sequences (n = 72), with our analysis indicating that human RVC VP8* proteins are
highly conserved, and as a result, all VP8*s clustered tightly together, forming a single
group (Fig. 7a). Bovine and dog RVC VP8* proteins clustered into another group
containing three subgroups of P[3], P[10], and P[11] genotypes. Porcine RVC VP8*s were
the most divergent, forming six major groups, each with various P genotypes (Fig. 7a).

Sequence alignments of the RVC VP8* proteins showed that all the nine amino acids
involved in direct interactions with the type A HBGA were highly conserved among all
human RVCs (data not shown), while one residue (residue 208) was changed in the
VP8*s of bovine and dog RVCs. In porcine RVCs, variations were displayed in different
groups. One, three, three, four, three, and two residues were changed in the first,
second, third, fourth, fifth, and sixth groups, respectively (Fig. 7b).

FIG 2 Glycan binding specificity determination of human RVC VP8*s. (a) ELISA-based glycan binding
assay. The binding signals (y axis) of the recombinant VP8* proteins at 20 ug/ml to synthetic oligosac-
charides (2 ug/well) representing Lewis antigens (Le?, Le®, LeX, and LeY), A/B/H antigens (H1, H2, H3, A,
B), the type 1 precursor (pre 1), the type 2 precursor (pre Il), and sialyl-Lex (sLe*) (x axis) were determined.
All oligosaccharides are conjugated with polyacrylamide (PAA) and biotin. The RVA P[14] GST-VP8* fusion
protein and GST protein were included as a positive control and a negative control, respectively.
0OD450nm, optical density at 450 nm. (b) Saliva-based binding assay. The binding signals (y axis) of the
human RVC GST-VP8* fusion proteins (20 pg/ml) to a panel of well-characterized saliva samples,
including type A, AB, B, O, and nonsecretors (O—) (x axis), were determined. (c) Hemagglutination assay.
Red blood cells of type A, AB, B, and O were mixed with various GST-VP8* proteins that were serially
diluted with PBS, as indicated. PBS buffer without proteins was used as a negative control (NC).
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FIG 3 Crystal structure of the native human RVC VP8* and its comparison with that of the previously
reported RVA P[14] VP8* (PDB accession number 4DRV). (a) Cartoon representation of the human RVC
VP8* structure showing a galectin-like fold with two twisted p-sheets separated by a cleft (framed in the
box). The N and C termini are denoted. (b) Structural alignment of the human RVC VP8* (gray) with the
VP8* of human RVA P[14] RVA (cyan). The longer B-strands (BJ, BK), longer loops (C-D loop, K-L loop), and
altered G-H loop in RVC VP8* are colored yellow, red, and magenta, respectively (arrows). (c and d) The
glycan binding site in the human RVA P[14] VP8* (cyan) (d) and the corresponding site in the human RVC
VP8* (gray) (c) (cartoon representation) with indications of the related amino acids (stick representation).
(e and f) Comparison of the electrostatic surface potentials of the glycan binding sites between the
human RVC VP8* (e) and the human RVA P[14] VP8 (f). Both VP8*s are shown in surface representation.
The blue and red indicate the positive and negative electrostatic surface potentials, respectively. The
glycan binding sites are framed by dashed-line boxes.

DISCUSSION

Previous studies have shown that the specific interactions between the RV VP8*
domains and various glycans play an important role in viral infections, host tropisms,
and interspecies transmissions of RVAs (11, 43, 44). To date, at least 10 different RV
species have been identified (4), among which group A, B, and C RVs are the most
common groups that infect both humans and animals. However, significant advances
in understanding glycan-associated host ranges/host tropisms have been made only in
RVAs, while little is known about other RV species. In this study, the VP8* structure,
VP8*-glycan binding specificity, and structural basis of such VP8*-glycan interactions of
an RVC were characterized. The finding that human RVC VP8* binds specifically to type
A HBGA and the accurate delineation of the structural basis of such RVC VP8*-glycan
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*
Ser207

sn208

Tyrl88

Asnl08

P[14] RVA

FIG 4 Structures of the glycan binding site of the human P[2] RVC VP8*. (a) Chemical structure of the type A trisaccharide (top) and the human RVC VP8*
(bottom, blue) with an electron density map (mesh representation, gray) of the bound type A trisaccharide with calculated coefficients 2 IF | — IF_l, contoured
at the 10 level (bottom). F, and F, are the observed and calculated structure factor amplitudes, respectively. The three sugars acetylgalactosamine (GalNAc),
galactose (Gal), and fucose (Fuc) of the type A trisaccharide are shown in stick representation in green, yellow, and magenta, respectively, inside the map. The

(Continued on next page)
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FIG 5 Human RVC VP8* binds the type A trisaccharide through a new glycan binding site via a binding mode and
mechanism distinct from those for human P[14] RVA VP8* (PDB accession number 4DRV) reported previously. (a)
The type A antigen (colored stick representation) binding site in the human RVC VP8* (cartoon representation, gray)
is located outside the cleft between the two B-sheets. (b) The type A antigen (colored stick representation) binding
site in the human P[14] RVA VP8* (cartoon representation, green) is located within the cleft between the two
B-sheets. (c and d) The electrostatic surface potentials for the human RVC (c) and P[14] RVA (d) VP8*s (surface
representations), with the type A antigen (colored stick representations) binding sites being indicated. Blue and red
indicate the positive and negative charges, respectively. Panels c and d are in the same orientations as panels a and
b. Detailed features of the type A antigen binding sites from the top view (top) and side view (bottom) are shown
on the right.

interactions provide an important starting platform and approaches for future study of
RVCs for better understanding of their evolution and epidemiology and for vaccine
development.

In the present study, the VP8* proteins of two human RVC strains (Bristol and sz94)
were demonstrated to recognize type A HBGAs. Phylogenetic analysis based on VP8*
sequences showed that all human RVCs are clustered in a single P[2] genotype distinct
from the animal RVCs (Fig. 7), suggesting a possibility that human RVCs may have
evolved as a single lineage under the selection of the A antigens. In fact, human RVCs
have been shown to circulate at a relatively low level worldwide and are associated
with sporadic and limited outbreaks of gastroenteritis in both children and adult (31,
32). The observed binding of human RVC VP8* to only type A HBGAs and not B and H

FIG 4 Legend (Continued)

nitrogen and the oxygen atoms of the trisaccharide are colored in blue and red, respectively. The three loops (Fig. 3b) involved are labeled. (b) Surface
representation of the P[2] RVC VP8* structure (gray) showing the bound type A trisaccharide in stick representation (with the same color scheme described in
the legend to panel a). The acetamido group of GalNAc inserts into the binding pocket in the VP8* glycan binding site (blue). The amino acid residues that
interact with the type A trisaccharide are indicated. (c) The hydrogen bonding network between the VP8* residues forming the glycan binding site (gray) and
the type A trisaccharide is shown by dashed lines. (d) Detailed interactions between the human P[2] RVC Bristol VP8* and the type A trisaccharide ligand (left)
compared with those of P[14] RVA HAL1166 (PDB accession number 4DRV) (right) determined using the LIGPLOT program. All the amino acid residues and the
saccharide moiety involved in the interactions are labeled. The carbon, nitrogen, and oxygen atoms are represented by black, blue, and red circles, respectively.
Hydrogen bond interactions are shown as green dashed lines, with the bond distances being indicated. The van der Walls contacts are indicated by an arc with
spokes radiating toward the ligand atoms that they contact. The contacted atoms are shown with spokes radiating back.
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FIG 6 Determination of the glycan binding specificity of recombinant VP8* proteins of animal RVCs. (a) Recombinant VP8* proteins of four animal strains,
including proteins from two pig RVCs (porcine 1992 P[1] and porcine 2011 P[5]), a dog RVC (dog 2012 P[11]), and a bovine RVC (bovine P[3]), at 20 ug/ml were
applied to the test of binding to a panel of well-characterized saliva samples, including samples of type A, AB, B, and O and nonsecretors (O—) (x axis), in which
the binding signals are shown on the y axis. (b) The hemagglutination activities of the animal RVC VP8*s were determined. Red blood cells of type A, AB, B,
and O were mixed with various GST-VP8* proteins that were serially diluted with PBS, as indicated. PBS buffer without proteins was used as a negative control

(NQ).

antigens may partly restrain the RVC prevalence, as only a portion of the general
population has the type A HBGA phenotype and other unknown virulence factors of
RCVs may also contribute to the low prevalence of RCVs. Further studies to evaluate the
association between the blood type A phenotype and the infection risk by human
G4P[2] RVCs are required.

While retaining an overall galectin-like structure which is similar to that of RVA VP8*s
(9), the human RVC VP8*s have gained distinct structural characteristics over the long
course of evolution, including altered B-strand and loop regions. The narrower cleft
resulting from the two longer B-strands and the alteration of the amino acid/surface
features led to significant changes to the glycan binding site (Fig. 3), indicating a
distinct ligand binding mechanism of RVCs. Furthermore, the changes of the C-D, G-H,
and K-L loops result in the proximity of these loops, forming a cavity; all these structural
changes contribute to the A antigen binding function of human RVC VP8*.

Like the reported P[14] RVA (15), the specific interactions between the type A
antigen and the RVC VP8* strongly suggest that this type A HBGA may be a cell
attachment factor for human RVCs. Sequence alignment indicated that all nine amino
acids that constitute the glycan binding sites are highly conserved among human RVCs,
implying that they are under tight functional and structural selection. Our data further
suggest that human RVC VP8*s interact with type A antigen through a unique mech-
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FIG 7 Phylogenetic analysis and sequence alignment of RVC VP8*s. (a) Evolutionary analyses were conducted using MEGA6 software, and the
phylogenetic tree was constructed by the neighbor-joining method. The percentage of replicate trees in which the associated taxa clustered
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anism (Fig. 5) based on the following differences with RVA VP8*s: first, none of the nine
amino acids that interact directly with the type A trisaccharide in VP8" of human RVCs
is conserved with those of VP8 of RVAs; second, the binding site of human RVC VP8*
is located at a different region with surface electrostatic features distinct from those of
RVAs; and third, the VP8*s of RVCs and RVAs interact with different residues of the A
trisaccharide. All these contribute to the different interaction mechanisms between
VP8* and type A antigen, consistent with the fact that RVCs represent an evolutionary
lineage distinct from RVAs.

RVCs have been found to infect both humans and animals. Type A HBGAs are also
present in some animals, such as pigs, which exhibit high rates of infection by RVCs (28,
45). Although no cross-species transmission has been reported for RVCs, based on the
limited surveillance conducted thus far, questions on such a possibility have been
raised due to the shared host glycan factors. Our data showed variable binding
characteristics for the bovine, dog, and porcine P[1] RVCs, though only one residue is
different, suggesting that the specific amino acid residue 208 or other amino acids may
affect the binding. Furthermore, some tested VP8"s of animal RVCs probably recognize
A type HBGASs, including a porcine RVC (porcine 1992 P[1]) and a dog RVC (dog 2012
P[11]). These results suggest the possibility that some animal RVCs, especially the dog
RVC (P[11]), the VP8* of which specifically hemagglutinated type A RBCs, may infect
humans.

During our study, we also observed some phenomena that need further elucidation.
We noted that the porcine 1992 P[1] VP8* that bound to A/AB-type saliva did not
hemagglutinate type A or AB blood cells. This could be due to the weak binding
function of animal RVC VP8*s to A-type HBGAs. Our previous experiments suggested
that the enzyme-linked immunosorbent assay (ELISA) method is more sensitive for
measurement of protein-glycan binding than the hemagglutination method. Thus,
when such a binding function of a VP8* is weak, hemagglutination may not be a
suitable method or at least not a sensitive method to detect such a weak binding signal.
In addition, the two tested human RVC VP8*s also showed additional binding signals to
glycans containing the GIcNAcB1-3GalB1-4GIcNAc motif, implying that glycans other
than A antigen may also interact with the RVC VP8* as ligands. Meanwhile, the
specificity and mechanism of such interaction still need further clarification, as it was
also observed in a previous study of P[19] RV VP8* (17).

Two major RVA vaccines (Rotateq and Rotarix) have been widely used around the
world and have helped to prevent gastroenteritis caused by RVAs (35-37, 46). Mean-
while, one cannot rule out the possibility that the use of these effective vaccines may
lead to the emergence of new RVs (immune-escape mutants) that may cause RV
epidemics. Therefore, more studies on the prevalence, infection, and pathogenesis of
RVs, including RVCs, are necessary for their prevention and the development of control
strategies. The virus-host interaction is an essential step in viral infection and also serves
as an important target for vaccines and antivirals. Our findings of human RVC VP8*
recognizing type A HBGA and the elucidation of the structural basis of this recognition
open up a new avenue to explore the RVC-host interaction for new insights into RVC
evolution and epidemiology and the development of vaccine approaches. The con-
served glycan binding site among VP8*s of human RVCs revealed by this study may
offer a target for future diagnostic/therapeutic antibodies and antivirals. Furthermore,
enhanced surveillance of RVC infections in both humans and animals will fill the gaps
in knowledge about the ecology of RVC in nature.

FIG 7 Legend (Continued)

Journal of Virology

together in the bootstrap test (1,000 replicates) is shown next to the branches. The tree was drawn to scale, with branch lengths being in the
same units as those of the evolutionary distances used to infer the phylogenetic tree. The analysis involved 72 VP8* amino acid sequences
(residues 1 to 231). Sequence information for the RVC strains is shown in the order of P genotype, GenBank accession number, and species. (b)
Sequence alignment of RVC VP8* proteins of various P genotypes. Sequence alignment was done using the DNAMAN program. The residues
involved in the glycan binding are labeled with numbers at the bottom. The conserved and varied residues are colored blue and green,

respectively.
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MATERIALS AND METHODS

Recombinant VP8* protein expression and purification. The ¢cDNA fragments encoding VP8*
domains (residues 1 to 231) of two human and four animal RVCs (human RVC Bristol [GenBank accession
number X79442], human RVC sz94 [GenBank accession number KP342027], dog 2012 [GenBank acces-
sion number KP988016], porcine 1992 [GenBank accession number M74218], porcine 2011 [GenBank
accession number KC164679], bovine [GenBank accession number AB738415]) were chemically synthe-
sized by Genewiz Company (Suzhou, China) and individually cloned into the pGEX-4T-1 vector (GE
Healthcare Life Sciences) with an N-terminal glutathione S-transferase (GST) tag. In addition, the DNA
sequence encoding the VP8* core region (residues 64 to 224) of human RVC Bristol was cloned into the
pET30a vector (Novagen) with a C-terminal hexahistidine (HisX6) tag. The recombinant proteins were
expressed in Escherichia coli strain BL21(DE3) induced with isopropyl-B-p-thiogalactopyranoside (IPTG) at
a final concentration of 0.4 mM at 22°C for 16 h. The GST- and His-tagged proteins were purified as
described previously (47). Briefly, the supernatant of bacterial lysates was filtered through a 0.22-pum-
pore-size membrane (Millipore) and then loaded onto a glutathione-Sepharose (GE Healthcare Life
Sciences) or HisTrap (GE Healthcare Life Sciences) column. The GST-fusion proteins were eluted with
elution buffer (10 mM reduced glutathione, 50 mM Tris-HCl, pH 8.0) after washing five times with
phosphate-buffered saline (PBS), which was changed to PBS buffer, and the proteins were concentrated
using a 10-kDa concentration tube (Millipore) and centrifugation at 2,000 X g for about half an hour. The
GST-VP8* fusion proteins were concentrated to about 20 mg/ml for further use. The HisX6-tagged
protein was eluted with PBS containing 300 mM imidazole following washing with PBS and PBS
containing 20 mM imidazole. Purified proteins were analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE). The VP8*-HisxX6 protein was further purified through a Superdex
2001073006L gel filtration column and concentrated with the 10-kDa concentration tube (Millipore) by
centrifugation at a speed of 2,000 X g to about 20 mg/ml.

Glycan ligand screening of RVC VP8*s. Glycan ligand screening of RVC VP8*s was performed
through the Protein-Glycan Interaction Resource under the Consortium for Functional Glycomics (CFG;
http://www .functionalglycomics.org/) using our human RVC (Bristol, sz294) GST-VP8* fusion proteins as
probes against a library containing 600 glycans. Two concentrations (5 ug/ml and 50 ug/ml) of each
GST-VP8* protein were tested. A fluorescence-labeled anti-GST monoclonal antibody (Sigma) provided
by the Protein-Glycan Interaction Resource was used as the detection antibody. Fluorescence was
measured and quantified by a microarray scanner, and the relative fluorescent units (RFU) of each glycan
were calculated (48).

Glycan binding assay. Enzyme-linked immunosorbent assay (ELISA)-based glycan binding assays
were performed as described previously (16). The GST-VP8* fusion proteins at 0.2 mg/ml were coated
onto microtiter plates at 100 ul per well. After incubation at 4°C overnight and blockage with 5% nonfat
milk, synthetic oligosaccharides that were conjugated with polyacrylamide (PAA) and biotin were added
at 2 ug per well. The oligosaccharides used in this study included Lewis a (Le?), Lewis b (Leb), Lewis x
(Lex), Lewis y (LeY), H type 1 (H1), H type 2 (H2), H type 3 (H3), type A and type B trisaccharides (A and
B, respectively), type 1 precursor (pre 1), type 2 precursor (pre Il), Neu5Ac, Neu5Gc, and sialyl-Lex (sLeX)
(GlycoTech, Inc., Gaithersburg, MD). Then, horseradish peroxidase (HRP)-conjugated streptavidin (Abcam)
was added at 0.1 pg per well. For each step, the plates were incubated at 37°C for 1 h, and between steps
the plates were washed five times with 0.5% PBS-Tween 20 buffer. The color reactions were developed
using a 3,3',5,5'-tetramethylbenzidine (TMB) kit (BD Biosciences, San Diego), and the absorbance was
measured at 450 nm.

Saliva binding assay. A panel of saliva samples with type ABO and secretor status (nonsecretors are
labeled O negative [0—]) from Zhaojun Duan'’s lab stock was used for the saliva binding assays as
previously described (16). Diluted saliva samples (1:1,000) were coated on microtiter plates at 4°C
overnight. After blockage with 5% nonfat milk, GST-VP8* fusion proteins at 2 ug per well were added.
After an incubation at 4°C overnight, mouse anti-GST antibody (Abcam) diluted at 1:3,000 was added at
100 wl per well, followed by adding horseradish peroxidase (HRP)-conjugated goat anti-mouse immu-
noglobulin antibody (1:10,000; Abgent). The color reactions were developed using the TMB kit, and the
absorbance was measured at 450 nm. The plates were washed five times with 0.5% PBS-Tween 20 buffer
between the above-mentioned steps.

Hemagglutination by GST-VP8* proteins. Human red blood cells (RBCs) of the A, AB, B, and O types
(Immucor) were washed twice with PBS before use. The GST-VP8* proteins were 2-fold serially diluted
starting at 2 mg/ml. The diluted proteins were added at 50 ul per well to 96-well V-bottom plates (Costar;
Corning). A total of 50 ul of 1% RBCs was subsequently added. Agglutination was determined after 1 h
of incubation at 25°C.

Evolutionary relationships of RVC VP8*. A phylogenetic tree was constructed with 72 VP8* protein
sequences (amino acids 1 to 231), including those from 8 human RVCs, 1 dog RVC, 6 bovine RVCs, and
57 porcine RVCs. The evolutionary history was inferred using the neighbor-joining method. The per-
centage of replicate trees in which the associated taxa clustered together in the bootstrap test (1,000
replicates) is shown next to the branches. The evolutionary distances were computed using the Poisson
correction method and are in units of the number of amino acid substitutions per site. Evolutionary
analyses were conducted in MEGA6 software (49).

Protein crystallization. The HisX6-tagged VP8* core protein was purified by gel filtration and
buffered with 20 mM Tris-HCI, 50 mM NaCl, pH 8.0. The protein was concentrated to approximately 20
mg/ml, and crystallization screening was carried out using the sitting-drop vapor diffusion method at
18°C with 1 ul of protein mixed with 1 ul of reservoir solution. The native RVC Bristol VP8* was
crystallized under the condition with 0.1 M sodium chloride, 0.1 M bis-Tris, pH 6.5, 1.5 M ammonium
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TABLE 1 Crystallographic data collection and refinement statistics
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Value(s) for®:

Parameter?® Native VP8* VP8* soaked in Nal VP8*-trisaccharide
Data collection statistics
Space group P2,2,2, P2,2,2, P2,2,2,
Wavelength A 1.5418 1.5418 0.9785

Unit cell dimensions
a, b, c (A)
o By ()
Resolution (A)
No. of observed reflections

38.07, 40.07, 124.01
90.00, 90.00, 90.00
50.00-1.80 (1.86-1.80)
188,451

38.08, 39.75, 123.70
90.00, 90.00, 90.00
50.00-1.80 (1.86-1.80)
194,134

37.99, 39.82, 119.81
90.00, 90.00, 90.00
50.00-1.40 (1.45-1.40)
463,155

Completeness (%) 99.4 (96.5) 96.7 (94.1) 99.0 (98.1)
Redundancy 10.3 (8.6) 11.0(11.0) 11.3(11.3)
Ronerge (%) 9.9 (56.5) 11.5 (60.6) 9.6 (80.5)
I/al 21.0 (4.1) 24.8 (3.3) 28.6(3.1)
Refinement statistics
Ruvori/ Revee (%) 17.98/20.40 14.13/17.38
No. of nonhydrogen atoms
Protein 1334 1365
Ligands 0 36
Water 208 204
B factors
Protein 21.8 19.3
Ligands 234
Water 354 30.4
RMSD
Bond lengths (A) 0.004 0.008
Bond angles (°) 0.697 0.828
Ramachandran plot (%)
Favored 97.5 96.9
Allowed 1.88 3.1
Outliers 0.62 0.0

WRmerge = 2hkl |l — <I>|/ZhKIl, where [ is the intensity of unique reflection hkl and </> is the average for symmetry-related observations of unique reflection hkl.
Vectors and planes in a crystal lattice are described by the three-value Miller index notation. This syntax uses the indices h, k, and | as directional orthogonal
parameters, which are separated by 90°. Each reflection is located by its three-dimensional coordinates h, k, and I.

bValues in parentheses are for the highest-resolution shell.

sulfate. The native VP8* crystal was also soaked with sodium iodide in order to solve the structure.
Sodium iodide (Sigma) was dissolved in double-distilled H,O (ddH,0) at a concentration of 5 M, and the
VP8* crystal was incubated with sodium iodide at a final concentration of 1.2 M for 1 min before the X-ray
diffraction studies. For cocrystallization, type A trisaccharide was dissolved in ddH,O at 100 mM. The VP8*
protein was cocrystallized with the type A trisaccharide at a molar ratio of 1:50. VP8*-A complex crystals
grow under the same conditions as the native protein.

Data collection and processing. The native and the derivative X-ray diffraction data were
collected at an in-house X-ray facility, while the data for the complex were collected at Shanghai
Synchrotron Radiation Facility (SSRF) beamline 19U. All data were processed with HKL2000 software
(50). Additional processing was performed with programs from the CCP4 suite (51). The structure of
VP8* was determined by the single-wavelength anomalous diffraction (SAD) method. The iodine
sites were first located by SHELXD (52) for the I-SAD data. The identified positions were then refined,
and the phases were calculated with the SAD experimental phasing module of PHASER (53). The real
space constraints were further applied to the electron density map in density modification (DM) (54).
The initial model was built with Autobuild in the PHENIX package (53). Additional missing residues
were added manually in the COOT program (55). The model was further refined with phenix.refine
(56) in the PHENIX package (57) with energy minimization, ADP refinement, and bulk solvent
modeling. The native VP8* and the complex VP8*-trisaccharide structures were then solved by the
molecular replacement module of PHASER (53), with the derivative VP8* structure being used as the search
models. The stereochemical quality of the final model was assessed with the MolProbity program (58). Data
collection and refinement statistics are summarized in Table 1. The structural analysis was done with the
PyMOL program (http://www.pymol.org/pymol). The root mean square deviation (RMSD) is the measure of
the average distance between the backbone atoms of superimposed proteins. The RMSD value was
calculated using the align function in PyMOL.

Accession number(s). The crystal structure of the core VP8* of RCV has been submitted to the
Protein Data Bank (PDB) and may be found under accession number 5ZHG. The crystal structure of core
VP8* proteins cocrystallized with synthetic type A trisaccharides [GalNAca1-3(Fuca1-2)Gal] has also been
submitted to PDB and may be found under accession number 5ZHO.
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