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Cell attachment protein VP8* of a human rotavirus
specifically interacts with A-type histo-blood
group antigen
Liya Hu1, Sue E. Crawford2, Rita Czako2, Nicolas W. Cortes-Penfield2, David F. Smith3, Jacques Le Pendu4,5,6, Mary K. Estes2
& B. V. Venkataram Prasad1,2

As with many other viruses, the initial cell attachment of rotaviruses,
which are the major causative agent of infantile gastroenteritis, is
mediated by interactions with specific cellular glycans1–4. The distally
located VP8* domain of the rotavirus spike protein VP4 (ref. 5)
mediates such interactions. The existing paradigm is that
‘sialidase-sensitive’ animal rotavirus strains bind to glycans with
terminal sialic acid (Sia), whereas ‘sialidase-insensitive’ human
rotavirus strains bind to glycans with internal Sia such as GM1
(ref. 3). Although the involvement of Sia in the animal strains is
firmly supported by crystallographic studies1,3,6,7, it is not yet known
how VP8* of human rotaviruses interacts with Sia and whether their
cell attachment necessarily involves sialoglycans. Here we show that
VP8* of a human rotavirus strain specifically recognizes A-type
histo-blood group antigen (HBGA) using a glycan array screen comprised of 511 glycans, and that virus infectivity in HT-29 cells is
abrogated by anti-A-type antibodies as well as significantly enhanced
in Chinese hamster ovary cells genetically modified to express
the A-type HBGA, providing a novel paradigm for initial cell
attachment of human rotavirus. HBGAs are genetically determined
glycoconjugates present in mucosal secretions, epithelia and on
red blood cells8, and are recognized as susceptibility and cell attachment factors for gastric pathogens like Helicobacter pylori9 and
noroviruses10. Our crystallographic studies show that the A-type
HBGA binds to the human rotavirus VP8* at the same location as
the Sia in the VP8* of animal rotavirus, and suggest how subtle
changes within the same structural framework allow for such
receptor switching. These results raise the possibility that host susceptibility to specific human rotavirus strains and pathogenesis are
influenced by genetically controlled expression of different HBGAs
among the world’s population.
Rotaviruses are classified on the basis of the neutralization specificity
of the outer capsid proteins VP7 and VP4 into G (VP7) and P (VP4)
genotypes following a dual nomenclature system similar to influenza
viruses11. The crystallographic structures of VP8* from two sialidaseinsensitive human strains, representing P[8] (Wa)1 and P[4] (DS1)12,
from two sialidase-sensitive animal strains, representing P[3]
(RRV)6,7and P[7] (CRW-8)1, and the structures of two animal VP8*
with bound Sia1,6,12 have been previously reported. NMR, cell-binding
and neutralization assays showed that the sialidase-insensitive P[8] Wa
strain binds to gangliosides such as GM1 using internal Sia3. These
studies suggested that whereas the sialidase-sensitive strains recognize
glycans with terminal Sia such as GD1a, the sialidase-insensitive
rotavirus strains bind to gangliosides such as GM1 with an internal
Sia moiety, and gave rise to the notion that Sia is the key determinant
for host-cell recognition in rotaviruses. Our goal was to determine
whether all sialidase-insensitive human rotavirus genotypes recognize
gangliosides with an internal Sia moiety for initial cell attachment, or

whether they recognize different glycans in a genotype-dependent
manner. VP8* (amino acids 64–224), cloned from a human rotavirus
strain (HAL1166) first isolated from a child in Finland13, was expressed
in Escherichia coli, purified to homogeneity and crystallized for
structural analysis. The sialidase-insensitive HAL1166 strain,
phylogenetically and serologically belongs to G8P[14] genotype14.
Although not as prevalent as the P[4] and P[8] genotypes, the P[14]
genotypes are being increasingly documented by global rotavirus
surveillance15–17, and P[14] human rotaviruses are thought to be able
to jump from animal to human hosts17.
The structure of the HAL1166 VP8* determined to 1.5 Å resolution
shows the characteristic galectin-like fold with two twisted b-sheets
separated by a shallow cleft as observed in the VP8* structures from
other rotavirus strains (Fig. 1a). The structure of P[14] VP8* superimposes well with all of the VP8* structures previously determined.
One significant difference between these structures is in the width of
the cleft separating the two twisted b-barrel sheets (Fig. 1b). In P[14]
VP8*, it is narrower than the cleft in the VP8* of the other two human
strains, similar to that in the VP8* of the animal strains. In the animal
VP8* structures, Sia binds near the cleft (Fig. 1c). Although the cleft in
the P[14] VP8* structure is of similar dimensions as in the animal
VP8* structures, the structural features in this region of P[14] VP8* is
not compatible with Sia binding. In addition to changes in the amino
acid residues (Fig. 1d) and side-chain orientations, the positioning of
the amino acid residues is slightly shifted in this region because of an
insertion (amino acid 187). The side-chain of Y188 is oriented in such
a way that it would cause steric hindrance to Sia binding (Fig. 1c).
Furthermore, the P[14] VP8* structure with a narrower cleft and
several amino acid changes (Fig. 1d) is not compatible with binding
of GM1 as suggested, based on computer modelling, for VP8* of the
other human strains with a wider cleft3.
These observations prompted us to undertake a high throughput
screening of a glycan array comprised of 511 different glycans, including several glycans with terminal or internal Sia. Such screening, which
has been used to identify cellular glycans for a variety of pathogens
including bacterial toxins18, influenza viruses19 and polyomavirus20,
unambiguously showed specific binding to glycans with a terminal
GalNAca1-3(Fuca1-2)Galb1-4GlcNAc sequence (Fuc, fucose; Gal,
galactose; Glc, glucose; NAc, N-acetyl, which is a characteristic of
A-type HBGA (Supplementary Table 1, Supplementary Figs 1 and 2).
None of the sialylated glycans, with either internal or terminal Sia,
showed significant binding (Supplementary Table 1, blue).
To understand the structural interactions between P[14] VP8* and
A-type HBGA, we co-crystallized VP8* with tri- and tetrasaccharides
that correspond to the terminal structure in the A-type HBGA. The
structure of the complex, determined to a similar resolution of 1.5 Å as
the unliganded structure, clearly showed density for the bound ligand
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Figure 1 | VP8* structure of HAL1166 P[14] human rotavirus strain and
structural comparison with other VP8* structures. a, Cartoon
representation of the P[14] VP8* structure showing a galectin-like fold with the
characteristic two twisted b-sheets (in blue and green) separated by a cleft. The
Sia binding site as observed in the animal VP8* is shown by a box. The b-ribbon
and the carboxy-terminal a-helix of the structure are shown in red. The amino
and carboxy termini are denoted. b, Structural alignment of P[14] VP8*
structure (blue) with VP8* structure of sialidase-sensitive animal rotavirus
RRV strain (green, PDB ID 1KQR) and VP8* of sialidase-insensitive human
rotavirus strain Wa (orange, PDB ID 2DWR) shown in the same orientation as
in a. The width of the cleft in the P[14] VP8* is narrower (red arrow) than in the
Wa VP8* structure (black arrow). c, P[14] VP8* shows changes in the amino
acid composition and side-chain orientations in the region corresponding to
Sia binding site of RRV VP8*. The amino acid residues interacting with Sia in
the RRV VP8* structure are shown as green sticks, and bound Sia is shown as

yellow sticks with oxygen atoms in red. The residues in this region of the P[14]
VP8* structure are shown as blue sticks. The residue numbering corresponds to
HAL1166 VP8*. The key amino acid changes in this region between P[14] and
RRV VP8* are indicated by black arrows. Noticeable is how Y188 in the P[14]
VP8* structure causes steric hindrance if Sia were to bind in this region. Also
noticeable is the change in side-chain orientation of the conserved R101.
d, Alignment of HAL1166 VP8* with other VP8* sequences from sialidasesensitive animal (RRV, CRW-8) strains, and sialidase-insensitive human
rotavirus (Wa and DS1) strains. The residues that interact with Sia in the
animal VP8* as shown in c are indicated by red stars on the top of the sequence.
Highly conserved (.80%), and moderately conserved (.60%) regions are
coloured in dark and lighter grey, respectively. The root mean square deviation
(r.m.s.d.) of the matching Ca atoms between the P[14] VP8* and other VP8*
structures along with percentage of sequence identity are shown in the table on
the right.

(Fig. 2a). The HBGA binds near the cleft region at the same location as
the Sia in the VP8* structures of the animal rotavirus strains (Fig. 2b
and Supplementary Fig. 3). The binding of HBGA, which does not
cause any conformational changes in the VP8*, involves a network of
both direct and solvent-mediated hydrogen bond interactions, in
addition to several stabilizing hydrophobic contacts (Supplementary
Fig. 4). The terminal GalNAc and Gal of the HBGA participate in all of
the interactions (Fig. 2c). The GalNAc participates in direct hydrogenbonding interactions involving the side chains of R101 and T191,
and hydrophobic interactions involving L190 and T191, whereas Gal
participates in hydrogen-bonding interactions with the main chain
carbonyl groups of Y189 and S187, and hydrophobic interactions with
Y189 and Y188. The proximal sugar moieties project out from the
surface of VP8* without making any direct contacts with VP8*
(Fig. 2 and Supplementary Fig. 3).
The structure of P[14] VP8* with HBGA shows how subtle amino
acid changes result in altered ligand specificity. The only positionally
conserved common residue between P[14] and animal VP8* that
participates in the ligand interactions is R101. Although the position
matches well, its side-chain orientation differs significantly between
the two structures (Fig. 1c). Without this change, the side-chain of
R101 in the P[14] VP8* structure would cause steric hindrance to the
GalNAc moiety of the HBGA. Most other residues that participate in
the ligand interactions are upstream of position 187 in the VP8*
sequence, where an insertion occurs in the P[14] VP8*. This insertion
along with sequence variation alters the configuration of the binding
site in the P[14] VP8* to allow specific interaction with HBGA.

Insertion at position 187 causes a localized change which makes the
side-chain of Y188 clash with Sia when placed in the structure of P[14]
VP8* (Fig. 1c). Following this residue, the polypeptide chain reverts
back to the same course as in the animal VP8* structures such that
Y189 and T191, which interact with HBGA, are now positionally
equivalent to Y188 and S190 which interact with Sia in the animal
VP8* (Figs 1c and 2c).
The remarkable overlap of the HBGA binding site in the P[14] VP8*
with that of the Sia in the animal VP8* structure strongly suggests that
A-type HBGA is a cell attachment factor for P[14] rotavirus strains. To
examine the biologic relevance of HBGA binding to P[14] VP8*, virus
infectivity assays were performed. Using intestinal HT29 cells isolated
from a type A individual, dose-dependent abrogation of HAL1166
infectivity was observed, with a greater than 75% reduction at the
highest concentration of anti-A-type HBGA antibody compared to
an isotype control antibody (Fig. 3a, b). In contrast, this antibody
did not inhibit the sialidase-sensitive SA11 rotavirus strain (Fig. 3a).
To ascertain further the specificity of the HAL1166 to A-type HBGA,
infectivity assays were performed using parental Chinese hamster
ovary (CHO) cells, which do not express any HBGA, and geneticallyengineered CHO cells expressing either A- or H-type HBGA. CHO
cells expressing type A HBGA showed a large increase in infectivity
with HAL1166, but not SA11, compared to parental CHO cells or those
expressing type H alone (Fig. 3c). Similarly, low infectivity was
observed in Caco-2 cells, isolated from a blood type O individual,
compared to HT29 cells that express type A HBGA (data not shown).
Specificity to A-type HBGA was further confirmed by performing
1 0 M AY 2 0 1 2 | VO L 4 8 5 | N AT U R E | 2 5 7

©2012 Macmillan Publishers Limited. All rights reserved

RESEARCH LETTER

a

HO
4

b

OH
6
5

HO
3

GalNac

HO
6
1 4

O
2

2

5

O

3

R101

1

Gal

GaINAc

Fuc

OH

4
HO

Y188

OR

O
1

3

5
6

Gal

O

O

AcHN

Fuc

OH

S187

L190

2

OH

Y189
T191
Fuc

C4

C3

C5

C6
O4 Fuc
O3 C4
C6
C3
C2 O5C5
O2 C1
O2
C1
C2 O1
O5
GaINAc O3 C4 C6
Gal
O5 C
O4
C5
C4
O5
C7
O6
C6
O7
R101
Y188

c

C2

GaINAc

C2

C1

Gal

C3
C4 C5

C1

C6

C7
C8

T191
L190

S187

Y189

Figure 2 | Structural analysis of P[14] VP8*–A-type HBGA interactions.
a, The chemical structure of the A-type trisaccharide (above) and simulated
annealing omit difference map (below), contoured at 3s level, showing the
binding of A-type trisaccharide to P[14] VP8*. Bound A-type trisaccharide
(GalNAc, N-acetylgalactosamine; Gal, galactose; Fuc, fucose) is shown in a balland-stick representation (yellow) inside the map with its carbon atoms
numbered following the standard convention. The nitrogen and the oxygen
atoms in the trisaccharide are coloured in blue and red, respectively. b, Surface
representation of the P[14] VP8* structure (grey) with the bound
A-trisaccharide shown in stick representation (with the same colour scheme as

in a). The acetamido group of GalNAc inserts into a well-defined pocket in the
VP8* structure. The amino acid residues in the P[14] VP8* which participate in
hydrogen bond and hydrophobic interactions with the trisaccharide are
indicated in blue. c, Network of hydrogen bond interactions (dashed lines)
between the VP8* residues (light blue) and A-type trisaccharide (coloured as in
a). Participating water molecules are shown as small spheres (cyan). More
detailed interactions between VP8* and the ligand are given in Supplementary
Fig. 4. The terminal two saccharide moieties of the A-type tetrasaccharide
(GalNAca1-3(Fuca1-2)Galb1-4GlcNAc) also show similar interactions with
the VP8* (Supplementary Fig. 3).

haemagglutination assays using P[14] glutathione-S-transferase
(GST)–VP8*. Type A blood cells, but not type O or B, were haemagglutinated by soluble VP8* (Supplementary Fig. 5).
This is the first study describing the structural interactions between
a human VP8* and a cellular glycan. Importantly, it shows that binding of sialylated glycans is not obligatory among sialidase-insensitive
human rotavirus strains. Our finding that P[14] VP8* specifically
recognizes HBGA raises important questions such as whether other

human rotavirus strains interact with similar or other HBGAs in a
serotype-dependent manner like in human noroviruses10, and whether
genetically controlled differential expression of HBGAs among world’s
population plays a role in susceptibility to human rotaviruses. In a
recently published paper, G8P[14] rotavirus was identified in the stool
samples from two adults with diarrhoea, who lived in the same geographical area in Denmark21. The blood type of one of these patients
and of another patient infected with a G6P[14] virus was type A (B.
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Figure 3 | HAL1166 rotavirus specifically recognizes A-type HBGA.
a, Dose-dependent inhibition of HAL1166 infection in HT29 cells by anti-Atype antibody (Ab, white bars for HAL1166, and black bars for SA11). Isotype
control IgG3 did not inhibit HAL1166 infectivity (grey bars). Error bars (also in
Fig. 3c) represent standard deviation and the P values were determined by
Student’s t-test, n 5 3. *All concentrations of anti-A-type antibody reduced
infectivity compared to control with P , 0.05. b, Representative
immunofluorescence microscopy images of HT29 cells infected with HAL1166
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Böttiger, personal communication). Although this is a small sample
size, these findings warrant further epidemiological studies to determine whether HBGA is a susceptibility factor for rotaviruses. Based on
sequence comparisons, our prediction that VP8* of the K8 human
rotavirus strain (P[9] genotype) would also recognize A-type HBGA
(Supplementary Fig. 6) is firmly supported by infectivity assays with
parental and derivative CHO cells (Fig. 3c).
The double-stranded RNA rotaviruses, accounting for approximately 500,000 child deaths annually worldwide22, have enormous
genetic and strain diversity. In addition to point mutations and gene
rearrangements, genetic reassortment between co-circulating strains,
similar to influenza viruses, contribute to the expanding diversity of
rotaviruses23,24. Current evidence indicates that many of the human
rotavirus strains, including the P[14] HAL1166 strain17, originated
from animal reservoirs through reassortment and inter-species transmission23,24. Although effective vaccines are currently available,
whether they will remain effective with such expanding virus diversity
is an open question25,26. Discovery that a human rotavirus strain with
host-switching capabilities binds to a non-sialylated but novel glycan
receptor opens new approaches to better understand the molecular
basis of critical human rotavirus–host interactions, which probably
influences host specificity, cell specificity, pathogenesis and virus
evolution.

METHODS SUMMARY

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Protein expression and purification. VP8* (amino acids 64–224) of HAL1166
rotavirus strain (P[14] genotype) was cloned into an expression vector pGEX-2T
(GE healthcare) with an N-terminal GST tag and a thrombin cleavage site. The
recombinant GST-VP8* was expressed in E. coli BL21 (DE3) (Novagen) and
purified by Glutathione Sepharose 4 Fast Flow (GE healthcare). The GST tag
was cleaved by using thrombin before rebinding the protein mixtures onto a
Glutathione Sepharose column to remove the GST, leaving Gly-Ser at the N
terminus. The VP8* was then filtered and further purified by size-exclusion chromatography on a Superdex-75 (GE healthcare) column with 10 mM Tris, pH 7.4,
100 mM NaCl, 1 mM dithiothreitol (DTT). The concentration of the purified
VP8* was determined by measuring absorbance at 280 nm and using an absorption coefficient of 43,010 M–1 cm–1 calculated using Vector NTI 11 software
(Invitrogen).
Crystallization. Crystallization conditions for P[14] VP8* (13.5 mg ml–1) were
screened by hanging-drop vapour diffusion using the Mosquito crystallization
robot (TTP LabTech) and visualized using Rock Imager (Formulatrix) at 20 uC.
The crystals from one of the conditions (30% PEG 1500, sodium acetate trihydrate,
pH 4.5) were harvested with the screen condition containing 18% glycerol. To
obtain crystals of VP8*–HBGA complex, VP8* was co-crystallized with A-type
trisaccharide or tetrasaccharide (purchased from Dextra labs), with a 1:52 or 1:46
excess molar ratio of ligand under similar condition as the unliganded P[14] VP8*.
Data collection and processing. Diffraction data for both unliganded and
liganded VP8* crystals were collected at Baylor College of Medicine using
Rigaku FR-E1 SuperBright rotating anode. These data were processed with
DTREK28 or IMOSFLM as implemented in the CCP4 suite29. Space group was
confirmed using POINTLESS30. The unliganded and liganded VP8* structures in
the P21 space group, with one molecule in the asymmetric unit, at ,1.5 Å resolution were determined. For initial phasing, the RRV VP8* structure (PDB ID
1KQR) was used as a search model for molecular replacement using Phaser31.
Following automated model building and solvent addition using ARP/wARP32,
the structure was refined using PHENIX33. The oligosaccharide moieties of the
HBGAs were generated using the SWEET2 package34 of the Glycosciences.de
server (http://www.glycosciences.de) and modelled into the electron density using
COOT35 and validated by computing simulated annealing omit maps using
PHENIX33. The stereochemistry of the oligosaccharides including the allowed
conformational angles was checked using the CARP36 package in the
Glycosciences.de server. Data collection and refinement statistics are given in
Supplementary Table 2. Ligand interactions were analysed using COOT and
LIGPLOT37 with donor to acceptor distances between 2.6 Å and 3.2 Å for
hydrogen-bonding interactions, and C-C distances between 3.4 Å and 4.5 Å for
hydrophobic interactions. The structural alignments and calculations of r.m.s.d.
were carried out using PyMOL (http://www.pymol.org/). Figures were prepared
using Chimera38.
Glycan array screening. The carbohydrate-binding specificity of HAL1166 VP8*
was investigated on glycan array v4.2 comprised of 511 glycans (Consortium
for Functional Glycomics, Protein-Glycan Interaction Core-H) (http://www.
functionalglycomics.org). Recombinant GST-tagged VP8* at decreasing concentrations in binding buffer (20 mM Tris-HCl pH 7.4, 150 mM sodium chloride,
2 mM calcium chloride, 2 mM magnesium chloride, 0.05% Tween 20, 1% BSA)
was applied to separate glycan arrays, and bound protein was detected using a
fluorescent-labelled anti-GST monoclonal antibody. Summary of the glycan array
results is given in Supplementary Table 1. Concentration dependent binding at
20 mg ml–1 and 2 mg ml–1 is shown in Supplementary Fig. 1a, b, where the glycans
are ranked according to their relative binding strengths (Supplementary Fig. 1c) as
described previously39.
Inhibition and infectivity assays. Inhibition assays were performed on HT29
(human intestinal epithelial) cells following previously described protocols40. The
monoclonal antibody (MAb) against blood group A antigen (BG-2) was purchased from Covance. The isotype control antibody (MG3-35) was purchased
from Abcam. HAL1166 virus was grown as previously described41. Confluent
HT29 cell monolayers were grown on 96-well plates. Increasing concentrations
of antibodies were allowed to bind to the cells at 4 uC for 1 h before 400 fluorescent
focus units (FFU) of virus were added per well. Recombinant VP8* protein competition was determined by treating the cells with 62.5 or 31 mg ml–1 VP8* at 4 uC

for 30 min before virus inoculation as earlier. After allowing virus attachment to
HT29 cells for 1 h on ice, the inoculum was removed, and the cells were washed
with cold DMEM and incubated for 16 h at 37 uC in 95% (v/v) air with 5% (v/v)
CO2. Virus titres in methanol-fixed cell monolayers were determined by staining
cells with rabbit anti-rotavirus antibody and Alexa 488-labelled donkey anti-rabbit
secondary antibody (Invitrogen). Virus infectivity was expressed as the percentage
of focus-forming units in control wells incubated with the same concentrations of
bovine serum albumin. Data are given as the mean of three replicates, and the bar
indicates the standard deviation. Data were analysed by Student’s t test (two-tailed
test).
For infectivity assays, SA11, HAL1166 or K8 viruses were serially diluted and
incubated on confluent monolayers in 96-well plates of HT29, Caco-2 and CHO
cells (parental cells or cells expressing type H HBGA, or type H and type A HBGA
prepared as previously described42). Following attachment for 1 h at 37 uC, the
cells were washed, incubated for 16 h and processed as described above for
immunofluorescence.
Haemagglutination assay. Pooled human red blood cells were purchased from
Immucor. The RBCs were packed via centrifugation at 500g for 10 min and 0.5%
suspensions of each RBC type were prepared in 0.85% saline (pH 6.2). GST (negative control) or GST-tagged VP8* were serially diluted via doubling dilution in PBS
(0.01 M sodium phosphate, 0.15 M NaCl, pH 5.5; passed through a 0.2-mm poresize filter) on 96-well V-bottom plates (Nunc) in triplicate. The haemagglutination
activity of the VP8 dimers was tested by mixing 50 ml of the prep (starting dilution
of 10 nM) with an equal volume of the RBC suspensions. Recombinant norovirus
virus-like particles (Norwalk virus, genogroup GI.1 and Houston virus, genogroup
GII.4) were included as positive controls (5 mg ml–1 and 10 mg ml–1 starting dilutions, respectively) because they have well-characterized haemagglutination activity that is known to be mediated by interaction with histo-blood group antigens on
the surface of the red blood cells43. The reaction was allowed to proceed for one
hour at 4 uC before results were recorded. The titer recorded was the highest
dilution of sample that prevented the complete sedimentation of red blood cells
to the bottom of the well as compared to the negative controls. A commercial blood
typing antibody specific for the B antigen was purchased from Immucor and tested
at a starting dilution of 1:100 as another positive control.
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