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ABSTRACT Rotaviruses (RVs), which cause severe gastroenteritis in infants and chil-
dren, recognize glycan ligands in a genotype-dependent manner via the distal VP8*
head of the spike protein VP4. However, the glycan binding mechanisms remain elu-
sive for the P[II] genogroup RVs, including the widely prevalent human RVs (P[8],
P[4], and P[6]) and a rare P[19] RV. In this study, we characterized the glycan binding
specificities of human and porcine P[6]/P[19] RV VP8*s and found that the P[II] geno-
group RV VP8*s could commonly interact with mucin core 2, which may play an im-
portant role in RV evolution and cross-species transmission. We determined the first
P[6] VP8* structure, as well as the complex structures of human P[19] VP8*, with
core 2 and lacto-N-tetraose (LNT). A glycan binding site was identified in human
P[19] VP8*. Structural superimposition and sequence alignment revealed the conser-
vation of the glycan binding site in the P[II] genogroup RV VP8*s. Our data provide
significant insight into the glycan binding specificity and glycan binding mechanism
of the P[II] genogroup RV VP8*s, which could help in understanding RV evolution,
transmission, and epidemiology and in vaccine development.

IMPORTANCE Rotaviruses (RVs), belonging to the family Reoviridae, are double-
stranded RNA viruses that cause acute gastroenteritis in children and animals world-
wide. Depending on the phylogeny of the VP8* sequences, P[6] and P[19] RVs are
grouped into genogroup II, together with P[4] and P[8], which are widely prevalent
in humans. In this study, we characterized the glycan binding specificities of human
and porcine P[6]/P[19] RV VP8*s, determined the crystal structure of P[6] VP8*, and
uncovered the glycan binding pattern in P[19] VP8*, revealing a conserved glycan
binding site in the VP8*s of P[II] genogroup RVs by structural superimposition and
sequence alignment. Our data suggested that mucin core 2 may play an important
role in P[II] RV evolution and cross-species transmission. These data provide insight
into the cell attachment, infection, epidemiology, and evolution of P[II] genogroup
RVs, which could help in developing control and prevention strategies against RVs.
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Species A rotaviruses (RAVs) are a major cause of acute gastroenteritis in humans and
animals, resulting in �215 000 deaths annually in children under 5 years of age

worldwide (1). The rotavirus (RV) genome contains 11 double-stranded RNA segments,
which encode 12 proteins, including 6 structural and 6 nonstructural proteins (2). RAVs have
been divided into G and P genotypes according to the VP7 and VP4 genes, respectively (3).
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VP4 is posttranslationally cleaved into VP5* and VP8*. RAVs consist of 50 P genotypes so far
(https://rega.kuleuven.be/cev/viralmetagenomics/virus-classification/7th-RCWG-
meeting), some of which have been grouped into five genogroups (P[I] to P[V]) by the
phylogeny of VP8* sequences (4). VP8* is important for cell attachment, playing a
critical role in virus infection (5). Previous studies showed that while some animal RVs
are sialidase sensitive, the majority of human and animal RVs are sialidase insensitive
(6). It was found by nuclear magnetic resonance (NMR) spectroscopy that the sialidase-
insensitive human RV Wa could interact with ganglioside GM1 (7), indicating that sialic
acids (Sia) may also be involved in receptor binding of some sialidase-insensitive RVs.
Several potential RV receptors, including heat shock protein (8, 9), gangliosides (10–12),
and integrins (13, 14), have also been reported; however, their roles in RV attachment
and penetration remain elusive. Thus, our understanding of the interactions between
RVs and their receptors remains limited.

Recently, histo-blood group antigens (HBGAs) have been reported to interact with
RVs as cell attachment factors (4, 15, 16), which significantly advanced our knowledge
of RV evolution and epidemiology and provided a P-type-based vaccine approach.
HBGAs are highly polymorphic, with different ABO, Lewis, and secretor types (17). The
major human RV genotypes in genogroups P[II], P[III], and P[IV] recognize HBGAs in a
genotype-dependent manner (15). P[11] VP8* in the P[IV] genogroup binds to type 1
(lacto-N-tetraose [LNT]) and type 2 (lacto-N-neotetraose [LNnT]) precursors (18, 19). The
VP8* proteins of P[14], P[9], and P[25] RVs in the P[III] genogroup interact with A-type
HBGA (4, 16). Human P[8] and P[4] VP8*s in the P[II] genogroup were previously
reported to recognize Lewis b and H type 1 HBGAs, while the P[6] VP8* binds only H
type 1 (15, 20). However, as shown in a saturation transfer difference (STD) NMR-based
study, the VP8* proteins of human P[4] (strain DS-1) and P[6] (strain RV-3) RVs interact
with the A-type HBGAs via �1-2 fucose, whereas the P[8] VP8* (strain Wa) does not bind
the A or Lewis b/H type 1 antigens (21). These results indicate that more studies are
needed to elucidate the exact interaction between P[II] genogroup RVs and HBGAs.

P[6] and P[19] RVs are grouped into the P[II] genogroup, together with P[4] and P[8]
(4). P[4] and P[8] RVs are the most common P genotypes in humans, accounting for over
90% of RV infections (22–24). P[6] RVs are prevalent in both humans and pigs, and some
human P[6] RVs were found to be porcine like (25–28), while P[19] RVs are common in
pigs and infect humans sporadically (29). In view of the prevalence of P[6]/P[19] RVs in
humans and pigs, they may be good models to study RV cross-species transmission. A
recent study (30) showed that, unlike human P[6], human P[19]/P[4]/P[8] RV VP8*s bind
to mucin cores of mucin O-glycans with the disaccharide structure GlcNAc�1-6GalNAc,
particularly mucin core 2 (30), which further complicated the receptor binding mech-
anisms of P[II] genogroup RVs.

Determining the VP8*-glycan complex structures is crucial to understanding the
mechanism of glycan binding specificity of RVs. Previous structural studies have
revealed different binding patterns among human RV P genotypes. Structural analysis
showed that P[9] (31) and P[14] (16) RVs bind to A-type HBGA using a binding site at
the same location as that of sialic acid-binding P[3] (32). Meanwhile, a relatively wide
binding pocket for LNT/LNnT close to the former site of A-type HBGA and sialic acid was
observed in P[11] (33). During the preparation of our manuscript, a paper reported a
distinct binding cavity in human P[19] RV (34). In this study, we focused on character-
ization of the glycan binding specificities of human and porcine P[6]/P[19] RV VP8*s and
explored the structural basis for the glycan binding specificity of P[II] genogroup RVs.

RESULTS
Glycan binding specificities of P[6] and P[19] RV VP8*s. To explore glycan

binding specificity, VP8* proteins of human and porcine P[6] and P[19] RVs were
subjected to glycan microarray analysis against a library containing 600 glycans.
Porcine-like human P[6] RV (strain LL3354) (Fig. 1a) bound to mucin core 2 with a
trisaccharide sequence, GlcNAc�1-6(Gal�1-3)GalNAc (GlcNAc, Gal, and GalNAc stand for
N-acetylglucosamine, galactose, and N-acetylgalactosamine, respectively), which is
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�-linked to Thr (Sp14, probe 134) or to propylamine (Sp8, probe 133). Core 2 extended
by a sialic acid (Neu5Ac) from the 3-linked Gal (probe 594) or by a galactose from the
6-linked GlcNAc (probe 557) also showed good binding signals. Human P[19] RV
(Mc345) VP8* showed a binding mode similar to that of mucin core 2 (probes 133 and
134) or core 2 extensions (probes 557 and 594) (Fig. 1b). In addition, LL3354 P[6] RV
VP8* recognized blood group H pentasaccharide (type I HBGA) with a Gal�1-3GlcNAc
motif (probes 501 and 502) (Fig. 1b, cyan). Binding to type I HBGA with a Gal�1-
3GlcNAc motif (probe 66) was also detected for human P[19] VP8*. VP8* proteins of the

FIG 1 P[6] and P[19] VP8*s interact with mucin core 2 in the glycan microarray assay. The VP8*-GST fusion proteins of porcine-like human P[6] (LL3354) (a),
human P[19] (b), porcine P[6] (z84) (c), and porcine P[19] (d) were subjected to glycan microarray assay at 50 �g/ml and 5 �g/ml against 600 glycans. The glycan
binding profile at 50 �g/ml and a list of glycans recognized by the proteins with the highest RFUs are shown. The numbers on the x axis are probe numbers
from the array used for the screen. StdDev represents the standard deviations from four replicate wells. %CV � 100 � standard deviation/mean. Mucin core
2 with a trisaccharide sequence of GlcNAc�1-6(Gal�1-3)GalNAc is shaded in yellow. Glycans with a Gal�1-3GlcNAc (type 1 HBGA core) motif are shaded in cyan.

P[6]/P[19] Rotavirus VP8*s Bound to Mucin Core 2 Journal of Virology

July 2018 Volume 92 Issue 14 e00538-18 jvi.asm.org 3

http://jvi.asm.org


porcine P[6] RV (strain z84) (Fig. 1c) bound to core 2 (probe 134) (Fig. 1, yellow) and core
2 extended by a Neu5Ac from the 3-linked Gal (probe 594), while porcine P[19] showed
binding to probe 594 (Fig. 1d).

We obtained the purified glutathione S-transferase (GST)-VP8* fusion proteins with
a molecular weight of �52 kDa (�46 kDa for GST-P[19] VP8* core proteins) (Fig. 2a).
Subsequent enzyme-linked immunosorbent assay (ELISA)-based glycan binding assays
showed that P[6] RV VP8*s of porcine strain z84 and porcine-like human strain LL3354
recognized mucin core 2 with good binding signals, while human P[6] RV (5311142)
VP8* did not. Meanwhile, VP8* of a porcine P[6] mutant showed no binding to mucin
core 2, and a human P[6] mutant bound to mucin core 2 with high intensity (Fig. 2b).
Two concentrations of mucin core 2 were subjected to the assay to further confirm the
binding. VP8* proteins of human P[19], porcine P[19], human P[4] (11151099), and
human P[8] (11221075) also showed good binding to mucin core 2 (Fig. 2c). In addition,
VP8* proteins of human P[6], LL3354 P[6], porcine P[6], human P[19], and porcine P[19]
displayed binding to a type I HBGA precursor with a Gal�1-3GlcNAc motif (LNT),
whereas human P[4] and P[8] did not (Fig. 2d).

FIG 2 Glycan binding specificities of P[6]/P[19]/P[4]/P[8] VP8*s. VP8* proteins of human P[19], porcine P[19], porcine P[6] (z84), a porcine
P[6] mutant, porcine-like human P[6] (LL3354), the prevalent human P[6] (5311142), a human P[6] (5311142) mutant, human P[4]
(11151099), and human P[8] (11221075) were subjected to the microtiter plate binding assay. GST protein was used as the negative
control. (a) SDS-PAGE of the GST-VP8* fusion proteins. The red arrows indicate the proteins of interest. The 26-kDa protein was free GST.
(b) ELISA-based assay of P[6] VP8* protein binding to two concentrations of mucin core 2 (0.2 �g and 2 �g). (c) ELISA-based assay of
P[19]/P[4]/P[8] VP8* protein binding to mucin core 2 (0.2 �g and 2 �g). (d) ELISA-based assay of VP8* protein binding to LNT
(Gal�1-3GlcNAc�1-3Gal�1-4Glc) at 0.2 �g. The error bars indicate standard errors from triplicate repeats.
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Structural characterization of porcine P[6] VP8*. VP8* crystal structures of P[4]
(35), P[8] (36, 37), and P[19] (34, 38) in the P[II] genogroup have been solved previously.
Here, we determined the crystal structure of a porcine P[6] (z84) VP8* for the first time
at a high resolution of 1.8 Å (Protein Data Bank [PDB] identifier [ID] 5YMU) (Table 1).
Similar to other known VP8* structures of the P[II] genogroup, porcine P[6] VP8*
showed a typical galectin-like fold (32) consisting of two twisted antiparallel �-sheets
comprising strands A, L, C, D, G, and H and M, B, I, J, and K, respectively (Fig. 3a). The
two �-sheets were separated by a shallow cleft. According to the structural superim-
position, P[6] VP8* most closely resembled the P[19] VP8* (Fig. 3b), with a root mean
square deviation (RMSD) value of 0.379; it also resembled P[8] and P[4] VP8*s, with
RMSD values of 0.446 and 0.483, respectively (Fig. 3b), which is consistent with the
sequence phylogenetic analysis (4). Structural analysis showed that the corresponding
amino acids involved in Sia binding (Arg101, Val144, Thr146, Tyr155, Lys187, Tyr188,
Tyr189, Ser190, and Thr191) in P[3] VP8* (Fig. 3c) and A-type HBGA binding (Arg101,
Ile144, Leu146, Tyr155, Ser187, Tyr188, Tyr189, Leu190, and Thr191) in P[14] VP8* (Fig.
3d) were altered to different amino acids in P[6] VP8* (Val101, Arg144, Ser146, Arg155,
Asp186, Tyr187, Ser188, Ser189, Thr190, and Ser191) and displayed different confor-
mations in P[6] VP8* (Fig. 3c and d). Amino acids involved in LNT binding (153- to
156QRNY, 158I, 178- to 180WGS, 183Y, 185D, and 187R) in P[11] VP8* were altered in
P[6] VP8* (152- to 155QHKR, 157L, 177- to180 GET, 183A, 185T, and 187Y) and displayed
various orientations (Fig. 3e). These results showed that the previously identified
receptor binding sites may not be used in P[6] VP8*.

TABLE 1 Crystallographic X-ray diffraction and refinement statistics

Parameter

Valuea

P[19] VP8*-core 2 P[19] VP8*-LNT P[6] VP8*

Data collection
Space group C121 P32 H3
Cell dimensions (Å)

a 179.776 131.667 131.396
b 129.346 131.667 131.396
c 86.365 150.530 123.592
�, �, � (°) 90, 116, 90 90, 90, 120 90, 90, 120

Resolution (Å) 50.00–2.10 (2.18–2.10) 50.00–2.20 (2.28–2.20) 50.00–1.80 (1.86–1.80)
Rmerge (%)b 0.164 (1.059) 0.115 (1.029) 0.115 (1.156)
I /�I 10.575 (1.717) 15.231 (2.060) 21.895 (2.750)
Completeness (%) 99.9 (100.0) 99.9 (99.7) 100.0 (100.0)
Redundancy 6.3 (6.4) 6.0 (5.7) 10.5 (10.6)

Refinement
Resolution (Å) 49.68–2.10 39.91–2.20 41.86–1.80
No. of reflections 98,627 132,870 73,566
Rwork/Rfree 0.1812/0.2130 0.2261/0.2669 0.1663/0.1892
No. of atoms

Protein 10,270 17,914 5,260
Ligand/ion 164 144 0
Water 982 664 692

B-factors
Protein 31.06 35.34 22.44
Water 36.76 33.92 35.81
Ligand 58.60 54.03 0

RMSDs
Bond lengths (Å) 0.008 0.007 0.005
Bond angles (°) 1.056 0.905 0.921

Ramachandran plot
Favored (%) 97.0 95.84 96.2
Allowed (%) 3.00 4.16 3.64
Disallowed (%) 0.00 0.00 0.16

aValues in parentheses are for the highest-resolution shell.
bRmerge � �hkl |I � �I�|/�hklI, where I is the intensity of unique relfection hkl and �I� is the average over
symmetry-related observations of unique reflection hkl; hkl are the reflection indices.
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Structural basis for binding of human P[19] VP8* to mucin core 2 and LNT. To
understand the structural basis of the observed glycan binding specificity of RV VP8*,
we crystalized the P[19] VP8* complex with core 2 and LNT, followed by X-ray
crystallography. The P[19] VP8*-core 2 structure was determined at 2.1 Å (PDB ID 5YMS)

FIG 3 Structural characteristics of P[6] VP8*. (a) Overall structure of porcine P[6] VP8* with two twisted antiparallel sheets consisting of strands A, L, D, G, and
H and M, B, I, J, and K. (b) (Top) Superimposition of porcine P[6] VP8* structure (PDB ID 5YMU; green) on those of P[19] (PDB ID 5GJ6; pale cyan), Wa P[8] (PDB
ID 2DWR; yellow), DS-1 P[4] (PDB ID 2AEN; orange), and HAL1166 P[14] (PDB ID 4DRV; cyan). (Bottom) Structure comparison of porcine P[6] (5YMU), RRV P[3]
(1KQR), CRW-7 P[7] (2I2S), HAL1166 P[14] (4DRV), DS-1 P[4] (2AEN), Wa P[8] (2DWR), HRV P[11] (4YG0), andMc345 P[19] (5GJ6). The values in the table represent
RMSDs (in Å) of the C� atoms of one VP8* monomer. VP8* structures are shown as a cartoon. (c) Comparison of the residues involved in sialic acid binding
in P[3] VP8* (PDB ID 1KQR) (top; pale cyan) and that of porcine P[6] VP8* structure (PDB ID 5YMU) (bottom; green). The amino acids involved in the interaction
are shown in stick representation. (d) Comparison of the residues involved in A-type HBGA binding in P[14] VP8* (PDB ID 4DRV) (top; cyan) and that of porcine
P[6] VP8* structure (PDB ID 5YMU) (bottom; green). (e) Comparison of the residues involved in LNT binding in P[11] VP8* (PDB ID 4YFZ) (top; gray) and that
of porcine P[6] VP8* structure (PDB ID 5YMU) (bottom, green).
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(Table 1), and the density of the bound core 2 was clearly observed in the simulated
annealing omit map (Fig. 4a). The glycan binding site was clearly seen. Its edge was
composed of �-strand K, the I-J loop, and the 210 loop (residues 209 to 212, which links
�-strand M and �-helix A), while the base was formed by 3 residues, Trp81, Leu167, and
Trp174 (Fig. 4b). Core 2 was stabilized by a network of hydrogen bonds and hydro-
phobic interactions (Fig. 4b and c). Core 2 interacted with residues Gly170, Thr185,
Arg209, and Glu212 via hydrogen bonds. The main interaction focused on GlcNAc,
which formed three hydrogen bonds. GlcNAc also interacted with Trp81, Leu167,

FIG 4 Structures of P[19] VP8*-core 2 and P[19] VP8*-LNT complex. (a and d) Surface representation of the P[19] VP8*-core 2 (a) and P[19] VP8*-LNT (d) complex
structures. The monosaccharide residues of core 2 and the amino acids involved in the interaction are shown in stick representation. The binding cavity is
colored red in the surface representation. Electron density maps of core 2 (a) and LNT (d) in P[19] VP8* structure, contoured at 1� level are shown at the bottom.
VP8*, gray; GlcNAc, green; GalNAc, yellow; Gal, magenta; Glc, cyan. (b and e) Detailed interactions among the amino acids of VP8*-core 2 (b) and VP8*-LNT (e)
with the hydrogen bonds represented by dotted lines. The interactions were first searched by CCP4 (http://www.ccp4.ac.uk/) with a distance of less than 5 Å,
verified by LIGPLOT (https://www.ebi.ac.uk/thornton-srv/software/LigPlus/), and then calculated with PyMOL (https://pymol.org/2/). (c and f) Schematic
diagrams of the interactions. The details of the interaction between core 2 (c)/LNT (f) and P[19] VP8* were calculated with LIGPLOT (https://www.ebi.ac.uk/
thornton-srv/software/LIGPLOT/). The interactions shown are those mediated by hydrogen bonds and by hydrophobic contacts. Hydrogen bonds are indicated
by dashed lines between the atoms involved, while hydrophobic contacts are represented by arcs with spokes radiating toward the ligand atoms they contact.
The contacted atoms are shown with spokes radiating back. Atoms colored black, red, and blue represent carbon, oxygen, and nitrogen, respectively.
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His169, Trp174, and Glu212 by hydrophobic interactions. GalNAc formed a hydrogen
bond with Gly170 and hydrophobic interactions with Gly170/Arg172. The terminal Gal
residue of core 2 formed hydrophobic interactions with Gly170.

The structure of the P[19] VP8*-LNT complex was solved at 2.2 Å (PDB ID 5YMT)
(Table 1), and the density for LNT was clearly visible (Fig. 4d). P[19] VP8* bound to LNT
using the same binding cavity. Residues Trp81, Leu167, His169, Gly170, Arg172, Trp174,
Thr184, Thr185, Arg209, Glu212, and Asn216 were involved in the interactions (Fig. 4e
and f). For the nonreducing terminal Gal�1-3GlcNAc sequence, the Gal1 residue
interacted with Thr185 via a hydrogen bond, and GlcNAc formed intensive hydrogen
bonds with Thr185, Glu212, and Arg209. Hydrophobic interactions were observed in
Gal1 with Thr184, Thr185, and Thr216 and in GlcNAc with Trp81, Leu167, Trp174, and
Thr185 (Fig. 4e). The Gal3 of Gal�1-4Glc formed hydrophobic interactions with Gly170
and Trp174, further stabilized by hydrogen bond interactions with His169, Gly170,
Arg172, and Arg209 (Fig. 4e). The Glc4 moiety formed one hydrogen bond with Arg172.

Structural characteristics of the glycan site in P[II] genogroup RV VP8*s. Since

P[6] VP8* was closest to P[19] VP8*, structural comparison was performed to explore the
characteristics of the glycan binding site in P[6] VP8*. Structural analysis showed that
the amino acids involved in ligand binding (Trp81, Leu167, His169, Gly170, Arg172,
Trp174, Thr184, Thr185, Arg209, and Glu212) in P[6] VP8* displayed the same confor-
mation as those in P[19] VP8* (Fig. 5a). Furthermore, core 2 was superimposed on the
putative binding site of porcine P[6] VP8* in the surface representation (Fig. 5b),
showing characteristics similar to those of P[19] VP8*-core 2. P[4]/P[8] VP8*s were also
clustered in the same genogroup with P[19] VP8*. Structural superimposition of
P[19]VP8*-core 2 and P[4]/P[8] VP8*s suggested that 9 residues (Trp81, Leu167, Gly170,
Arg172, Trp174, Thr184, Thr185, Arg209, and Glu212) involved in core 2 binding
displayed the same conformation, while 1 residue, His169, was altered to Tyr169 in
P[4]/P[8] VP8*s (Fig. 5c). Structural analysis of P[19]-LNT/P[4]/P[8] showed that 2 resi-
dues (His169 and Thr216) were altered in P[4]/P[8] (Tyr169 and Asn216) (Fig. 5d).

Structural comparison of the glycan binding sites among RVs. The VP8* crystal

structures of several RV P genotypes, including P[3], P[7], P[9], P[11], P[14], P[4], P[8], and
P[19], are known. Structural superimposition revealed that the glycan binding site
identified in the P[19] RV VP8* was also observed in the corresponding sites of P[4]
(DS-1), P[8] (Rotateq and Wa), and P[6] (z84) VP8*s (Fig. 6a, red). P[19] VP8* exhibited
negative charge in the base of the glycan binding cavity. A portion of its wall also
presented negative charge, while the remaining bottom part presented positive charge
(Fig. 6b). P[6], P[8], and P[4] VP8*s showed similar charge configurations. The simian P[3]
VP8* showed a distinct glycan binding site with a neutral upper portion, while porcine
P[7] VP8* presented a partial cavity with strong negative charge on the upper portion.
The VP8*s of the P[9], P[11], and P[14] genotypes displayed no obvious cavity in the
corresponding sites, and their electrostatic potentials differed significantly (Fig. 6b).

Sequence alignment of RV VP8* proteins. Sequence alignments of VP8* proteins

of different RV P genotypes were carried out with DNAMAN software (https://www
.lynnon.com/). It showed that the residues involved in mucin core 2 binding in P[19]
VP8* were totally different from those of P[11] (P[IV] genogroup) (Fig. 6c). For the VP8*s
of other P genotypes, residue Trp81 was highly conserved and Arg209 was moderately
conserved, while other residues varied between P[9] and P[14] (P[III] genogroup) and in
P[3] and P[7] (P[I] genogroup) (Fig. 6c), indicating that the new glycan binding site
observed in the P[19] RV is not present in these RV genotypes, consistent with the
structural presentation in Fig. 6a. All of the key residues were rather conserved in VP8*s
of human P[8], P[4], and P[19]; porcine-like human P[6]; porcine P[19]; and porcine P[6]
(Fig. 6c, red). Moreover, P[10], which was reported to possess the same glycan binding
specificity as human P[19] (30) and P[12] in the P[I] genogroup of animal origin, also
shared conserved amino acids in the corresponding sites (Fig. 6c). Human P[6] VP8*
displayed significant amino acid alterations in residues 169 to 172 (Fig. 6c, magenta).
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Try169 and Asn216 in human P[8] and P[4] VP8*s that were different from His169/
Thr216 in P[19] VP8* are colored green in the figure.

DISCUSSION

Recent reports regarding RV recognition of HBGAs as potential receptors (4, 15, 16,
30) have been further supported by elucidations of different VP8* crystal structures in
complex corresponding glycans. This broadened our understanding of RV-host inter-
actions and RV diversity, evolution, and epidemiology. The P[14], P[9], and P[25] RVs of
the P[III] genogroup, which have been detected frequently in humans and several wild
and domestic animals, were found to interact with type A HBGAs, suggesting that the
A antigens shared between humans and animals may play a role in the cross-species
transmission of these RVs (4, 16). P[11] RVs of the P[IV] genogroup that commonly infect
neonates and young infants recognize evolutionarily conserved type 1 (LNT) and type
2 (LNnT) precursors, providing evidence of an age-specific host range and cross-species

FIG 5 Structural characteristics of the glycan binding site in P[6]/P[4]/P[8] VP8*s. (a) Comparison of the conformations of the residues
involved in glycan binding in P[19] (PDB ID 5GJ6; yellow) and that of porcine P[6] VP8* structure (PDB ID 5YMU; gray). The amino acids
involved in the interaction are shown in stick representation. (b) Superimposition of core 2 on the putative binding site of porcine P[6]
VP8* structure (PDB ID 5YMU; gray). P[6] VP8* is shown in surface representation, and the putative binding site is colored blue. (c)
Structure superimposition of P[8] and P[4] VP8*s on P[19] VP8*-core 2. Core 2 is shown as sticks (GlcNAc, green; GalNAc, yellow; Gal,
magenta;). Residues involved in the core 2 binding are shown as sticks. Tyr169 in P[4]/P[8] is circled and colored red. VP8*s of P[19],
P[8], and P[4] are colored green, gray, and orange, respectively. (d) Structure superimposition of P[8] and P[4] VP8*s on P[19] VP8*-LNT.
LNT is shown as sticks (Gal, magenta; GlcNAc, green; Glc, cyan). Residues 169 and 216 are shown as sticks. The hydrogen bond between
His169 and LNT is shown as a black dotted line. Tyr169/Asn216 in P[4]/P[8] are circled and colored red. P[19], P[8], and P[4] are colored
as in panel c.
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FIG 6 Structural comparison and sequence alignment of VP8*s of various P genotypes. (a and b) Surface (a) and electrostatic potential (b) representations of
the putative binding cavities in the VP8* structures of different P genotypes. VP8*s of the following genotypes are included: P[19] (5GJ6), P[6] (5YMU), Rotateq
P[8] (5JDB), Wa P[8] (2DWR), DS-1 P[4] (2AEN), P[3] (1KQR), CRW-7 P[7] (2I2S), P[9] (5CAZ), P[11] (4YG0), and P[14] (4DRV). The electrostatic potential was
generated by vacuum electrostatics protein contact potential in PyMOL, and the calibration bar represents the intensity of the electrostatic potential. Red
indicates negative charge, whereas blue indicates positive charge. (c) Sequence alignment of VP8* proteins (residues 61 to 230) among various P genotypes.
The alignment was done with DNAMAN. The amino acids involved in the binding cavity with high conservation are shaded in red. The residues altered in
prevalent human P[6] strains are highlighted in magenta. The Tyr169 and Asn216 in human P[4] and P[8] are colored green.
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transmission via shared HBGAs (33). In this study, we characterized glycan binding
specificities of VP8* proteins of several RVs in the P[II] genogroup (P[8], P[4], P[6], and
P[19]) and solved the crystal structures of P[6] VP8* and P[19] VP8* complexes to
explore the interaction mechanisms.

The glycan binding sites of RV VP8*s clustered mainly in the cleft region between
the two �-sheets (�H and �K) (16, 32, 33). In P[11] VP8* (33), the ligand LNT/LNnT
spanned almost the entire length of the cleft (Fig. 7a). In contrast, the glycan was bound
at one corner of the cleft region in P[3] (32) and P[14] (16) VP8*s (Fig. 7a). These residues
differed markedly from those in the P[II] genogroup RVs. In particular, the key residue
Arg101 was replaced by Val, Ile, or Phe (Fig. 6c, blue), suggesting a new mechanism of
the binding mode. Actually, P[19] VP8*-core 2 structure revealed a binding cavity
located adjacent to the cleft (Fig. 7a) (34). The porcine P[6] VP8* presented the same
characteristics of the putative glycan binding site as P[19] VP8*, implying a similar
glycan binding mechanism in P[6] VP8*. Sequence alignment and structural compari-
son indicated that the VP8*s of RVs in the P[II] genogroup may have a common binding
site, as shown in Fig. 6.

Human and porcine P[6] and P[19] VP8*s showed similarities and differences of the
glycan binding characteristics in the glycan array assay. Porcine-like human P[6] RV
(LL3354) exhibited relatively strong binding signals to mucin core 2 and other glycans
with the Gal�1-3GlcNAc motif compared to porcine P[6] (z84) (Fig. 1). Sequence
alignment (data not shown) showed 6 amino acids, though these residues were not in
the glycan binding site and were altered, which may contribute to the variation in
glycan binding specificity. Likewise, the human and porcine P[19] VP8* proteins both
recognized the mucin core 2 in the glycan binding assay. Sequence alignment of the
human and porcine P[19] (data not shown) revealed identical amino acids in the glycan
binding sites; however, nine residue alterations were found, which probably led to the
relatively high binding signals of the human P[19] VP8* to mucin core 2 and glycans
with Gal�1-3GlcNAc (Fig. 1). These results indicated that the binding patterns may vary
even in the same genotype.

A previous study showed that the human P[6] RV strain (ST-3) did not bind to mucin
core 2 but bound to the type 1 precursor (LNT) (30); we reported a similar profile in the
prevalent human P[6] RV strain (5311142). We found, moreover, that the VP8* proteins
of porcine-like human P[6] RV (LL3354) and the porcine P[6] (z84) strains bound to
mucin core 2. Sequence alignment revealed that the residues of the I-J loop, Leu167,
His169, Gly170, Gly171, and Arg172, of the VP8*s in porcine (z84) and porcine-like
human (LL3354) P[6] RV strains were the same as those in human P[19] VP8* (Fig. 6c);
however, these residues were significantly altered in the human P[6] RVs, strain ST-3
(Tyr170, Asn171, and Ser172), and strain 5311142 (Met167, Phe169, Tyr170, Asn171, and
Ser172) (Fig. 6c, magenta). The porcine and human P[6] VP8* mutants with residues 169
to 172 of the I-J loop exchanged revealed that the porcine P[6] VP8* mutant with the

FIG 7 Analysis of the glycan binding site in P[19] VP8*. (a) Surface representation of the corresponding binding sites of type A HBGA in P[14] (cyan), LNT in
P[11] (magenta), and mucin core 2 in P[19] (red). VP8*s of P genotype P[19] are shown in the surface representation. (b) Binding sites of core 2 and LNT in P[19].
The amino acids involved in the interaction are shown in stick representation. Thr184 and Thr216 are circled. (c) Structure superimposition of P[19] VP8* with
LNT and LNFP1. LNT and LNFP1 are shown as sticks (Gal, magenta; GlcNAc, green; Glc, cyan; fucose, blue). Glc of LNFP1 is circled in red.
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human I-J loop lost the ability to bind to mucin core 2, while the human P[6] VP8*
mutant with the porcine I-J loop showed strong binding signals (Fig. 2b), further
confirming the vital role of these residues in glycan binding.

Considering the various binding specificities of different P[6] RV strains, we pro-
posed that porcine P[6] bound to mucin core 2 and the porcine-like human P[6]
maintained this binding capacity, while the prevalent human P[6] lost it with significant
amino acid alterations in the I-J loop (residues 167 to 172). Therefore, the various glycan
binding specificities of P[6] RV VP8*s of different origins provided a valuable model to
explore potential HBGA-associated host ranges and the evolution of RVs between
human and animal hosts. The human P[19] strain in our study was reported to be of
porcine origin and did not gain the ability to be prevalent among humans (29). The
human and porcine P[19] VP8*s also possessed the same residues in the glycan binding
site. Thus, the human P[19] maintained the ability to bind to mucin core 2.

While P[19] VP8* bound to core 2 and LNT via the same cavity (Fig. 7a), we noted
that two further residues, Thr184 and Thr216, were involved in the LNT interaction (Fig.
7b). A recent paper reported the complex structures of P[19] VP8* with core 2 and type
1 HBGA (pentasaccharide lacto-N-fucopentaose I [LNFP I]) (34). We noted that VP8*
bound to the glycans via the same site. Compared to the structure of VP8*-LNT, fucose
of the glycan LNFP I was not involved in the interaction (Fig. 7c), explaining why P[19]
can interact with both LNT and LNFP I. This indicated that fucose did not play a key role
in glycan binding.

Unlike human P[19] and human P[6], which bound LNT, human P[4] and P[8] did not
exhibit binding to LNT in the oligosaccharide binding assay. This was consistent with
the previous results showing that human P[4] and P[8] did not bind LNT but recognized
a hexasaccharide containing the Lewis epitope (fucose linked to GlcNAc by �1-4) (30).
This may explain the high prevalence of P[4] and P[8] RVs in humans, since 90% of the
general population are Lewis epitope positive. Sequence alignment of P[8], P[4], and
P[19] VP8*s revealed that residues 169 and 216 in the ligand binding cavity were
different (Fig. 5c, green). Structural superimposition suggested that Tyr169 in P[4]/P[8]
could not form hydrogen bonds with LNT and that Asn216 lost the hydrophobic
interaction (Fig. 7c), which probably caused the lack of binding to LNT and contributed
to the new pattern of binding to the Lewis epitope. A previous study reported that the
neonate-specific bovine-human reassortant P[11] also interacted with LNT (33). The
structure comparison of P[11] VP8* with LNT revealed that P[19] RV VP8* bound to LNT
in a distinct site, which implied that various RVs could bind to the same ligand via
completely different mechanisms and complicated the interactions between RV VP8*s
and ligands.

In this study, we found that porcine and porcine-like human P[6] and porcine P[19]
recognized mucin core 2; human P[19], P[8], and P[4] of the P[II] genogroup also
interacted with mucin core 2. As mucin core 2 is widely distributed in a variety of cells
and tissues in both humans and animals (39), it may be crucial for the infection and
evolution of P[II] genogroup RVs and other RVs, such as P[10] (30) in the P[I] genogroup.
It is proposed that animal RVs of the P[II] genogroup also recognize mucin core 2. While
their original interaction with mucin core 2 might have been maintained or altered over
the course of evolution, additional interaction with other glycans might have been
introduced when these RVs adapted to human hosts.

Our study delineated the glycan binding specificities of human and porcine P[6]/
P[19] and determined the glycan binding site in P[19], further confirming a third
RV-glycan binding pattern revealed by structural analysis (34). We solved the porcine
P[6] VP8* structure. The same amino acid residues and conformation in the putative
receptor binding site of P[6] VP8* (Fig. 4c and d) indicated the conservation of the
glycan binding cavity in P[6], which was also revealed in P[8] and P[4] VP8*s by
structural superimposition. P[19], together with P[6], P[8], and P[4] in the P[II] geno-
group, could interact with mucin core 2. Although further studies to solve complex
structures of P[6], P[8], and P[4] VP8*s with core 2 are needed, these results provide new
insights into the glycan binding mechanism of the P[II] genogroup RVs and lay the
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foundation for understanding RV evolution and epidemiology and the performances of
current RV vaccines in different populations, which may also help in new RV vaccine
approaches, such as VP8*-based subunit vaccines.

MATERIALS AND METHODS
VP8* protein expression and purification. The VP8* fragment (amino acid residues 64 to 223) of

human P[19] strain Mc345 (RVA/Human-tc/THA/Mc345/1989/G9P[19]; GenBank accession no. D38054)
was cloned into pGEX4T-1 and pET30a vectors with a GST and a His tag, respectively. The recombinant
proteins were expressed and purified as described previously (38). The GST fusion and VP8*-His protein
were used for functional analysis and crystallization, respectively.

VP8* proteins of porcine P[19] (GenBank accession no.KX455847) (38) and the prevalent human P[6]
(5311142) (GenBank accession no. KT162986), human P[4] (11151099) (GenBank accession no. KT162987),
and human P[8] (11221075) (GenBank accession no. KT162984) were described previously (20). The VP8*
proteins (amino acid residues 1 to 231) of a porcine P[6] strain (z84) (GenBank accession no. MG570048)
and a porcine-like human P[6] RV strain (LL3354) (GenBank accession no. EF159567) (40) were expressed
and purified with a GST tag as described above. A porcine P6 (z84) mutant (169- to 172HGGR mutated
to FYNS) and a human P[6] (5311142) mutant (169- to 172FYNS mutated to HGGR) were also expressed
and purified with a GST tag. The VP8* core region (amino acid residues 64 to 223) of porcine P6 (strain
z84) was cloned into pET30a with a His tag, expressed, purified by gel filtration chromatography, and
analyzed by SDS-PAGE.

Glycan microarray screening analysis. Glycan ligand screenings for porcine-like human P[6] RV
(LL3354), porcine P[6] (z84), human P[19], and porcine P[19] VP8*-GST fusion proteins were performed by
the Protein-Glycan Interaction Resource of the Consortium for Functional Glycomics (CFG) (http://www
.functionalglycomics.org/) against a library containing 600 glycans. The recombinant GST-VP8* protein
was used at protein concentrations of 50 �g/ml and 5 �g/ml. The bound GST-VP8* proteins were
detected using a fluorescence-labeled anti-GST monoclonal antibody (Sigma). Fluorescence was mea-
sured and quantified with a microarray scanner, and relative fluorescent units (RFU) for binding to each
glycan were calculated (41).

ELISA-based glycan binding assay. Glycan binding specificity was characterized as described
previously (15). A plate was coated with VP8*-GST fusion proteins at 20 �g per well. After blocking with
5% nonfat milk, the synthetic glycan-polyacrylamide (PAA)-biotin conjugates mucin core 2 (GlycoTech,
Inc., Gaithersburg, MD) and LNT (kindly provided by Jason Xi Jiang) were added (mucin core 2, 0.2 �g
or 2 �g per well; LNT, 0.2 �g per well). Horseradish peroxidase-conjugated streptavidin (Abcam,
Cambridge, UK) was then added at 0.1 �g per well. The plates were incubated at 37°C for 1 h and washed
five times with phosphate-buffered saline (PBS)-0.05% Tween 20 buffer at each step. The reaction was
developed using a 3,3=,5,5=-tetramethylbenzidine kit (BD Biosciences, San Diego, CA), and the absor-
bance was measured at 450 nm.

Crystallization. The human P[19] VP8* protein in buffer (20 mM Tris-HCl, 50 mM NaCl, pH 8.0) was
concentrated to approximately 10 mg/ml, and crystallization screening was carried out using the
sitting-drop vapor diffusion method at 18°C with 1 �l of protein mixed with 1 �l of reservoir solution.
Human P[19] VP8* was crystallized under conditions of 0.2 M ammonium sulfate, 0.1 M MES (morpho-
lineethanesulfonic acid) monohydrate, pH 6.5, and 30% (wt/vol) polyethylene glycol MME 5000. For
preparation of the protein-glycan complex, the tetrasaccharide LNT was purchased from Dextra Labo-
ratories (Reading, UK), and the threonine-linked core 2 trisaccharide was prepared from Fmoc-protected
peracetylated core 2-Thr (Sussex Research Laboratories, Ottawa, Canada) after deprotection (42). Core
2-Thr was purified by high-performance liquid chromatography (HPLC) and analyzed by electrospray
ionization mass spectrometry (ESI-MS) before use. To obtain crystals of the P[19] VP8*-LNT complex, VP8*
was cocrystallized with LNT, using a protein/ligand ratio of 1:50 under the same conditions as for the
native crystal described above (38). The P[19]VP8*-core 2 complex was obtained by coincubation of the
native crystal with 25 �M core 2-Thr for 5 h at room temperature before X-ray diffraction studies. VP8*
of the porcine P[6] strain (z84) at 15 mg/ml was crystallized under conditions of 0.1 M MES monohydrate,
pH 6.0, 25% (wt/vol) polyethylene glycol 4000. We have tried to cocrystalize P[6] VP8* with core 2 at
protein/ligand ratios of 1:10, 1:20, 1:50, and 1:100 and to coincubate the native crystal with core 2 at
concentrations of 25, 50, and 100 �M. Unfortunately, we have been unable to obtain crystal structures
of P[6]VP8*-glycan complexes so far.

Data collection and processing. Crystals were flash-frozen in liquid nitrogen after being dipped
briefly in cryoprotectant solution containing 20% (vol/vol) glycerol. Diffraction data were collected at the
Shanghai Synchrotron Radiation Facility BL17U. Original data were processed using HKL2000 software
(43). The VP8* and ligand structures were solved by molecular replacement using Phaser software
implemented in the CCP4 program suite (44) with the structure of P[19] VP8* (PDB ID 5GJ6) as the search
model. The initial model was refined using REFMAC5 (45), COOT (46), and PHENIX (47) software. The final
statistical analyses for P[19] VP8*-LNT, VP8*-core 2, and P[6] VP8* are presented in Table 1. The structural
analysis was performed using the PyMOL software package (https://pymol.org/2/). The RMSD values of
the matching C� atoms between the P[19]/P[6] VP8* and other representative VP8* structures were
calculated with the align function in PyMOL.

Accession number(s). The structures of P[19] VP8*-core 2, VP8*-LNT, and z84 P[6] VP8* have been
deposited in the PDB under PDB ID 5YMS, 5YMT, and 5YMU, respectively.
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