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ABSTRACT

Rabbit hemorrhagic disease virus (RHDV) is a member of the Caliciviridae family (Lagovirus genus). RHDV is highly contagious
and attaches to epithelial cells in the digestive or respiratory tract, leading to massive lesions with high mortality rates. A new
variant of RHDV (termed RHDVDb) recently has emerged, and previously vaccinated rabbits appear to have little protection
against this new strain. Similar to human norovirus (Caliciviridae, Norovirus genus), RHDV binds histo-blood group antigens
(HBGAs), and this is thought to be important for infection. Here, we report the HBGA binding site on the RHDVD capsid-pro-
truding domain (P domain) using X-ray crystallography. The HBGA binding pocket was located in a negatively charged patch on
the side of the P domain and at a dimeric interface. Residues from both monomers contributed to the HBGA binding and in-
volved a network of direct hydrogen bonds and water-mediated interactions. An amino acid sequence alignment of different
RHDV strains indicated that the residues directly interacting with the ABH-fucose of the HBGAs (Asp472, Asn474, and Ser479)
were highly conserved. This result suggested that different RHDV strains also could bind HBGAs at the equivalent pocket. More-
over, several HBGA binding characteristics between RHDVb and human genogroup II norovirus were similar, which indicated a
possible convergent evolution of HBGA binding interactions. Further structural studies with other RHDYV strains are needed in
order to better understand the HBGA binding mechanisms among the diverse RHDV strains.

IMPORTANCE

We identified, for the first time, the HBGA binding site on an RHDVb P domain using X-ray crystallography. Our results showed
that RHDVb and human genogroup II noroviruses had similar HBGA binding interactions. Recently, it was discovered that syn-

thetic HBGAs or HBGA-expressing enteric bacteria could enhance human genogroup II norovirus infection in B cells. Consider-

ing that RHDVb and genogroup II norovirus similarly interacted with HBGAs, it may be possible that a comparable cell culture

system also could work with RHDVb. Taken together, these new findings will extend our understanding of calicivirus HBGA
interactions and may help to elucidate the specific roles of HBGAs in calicivirus infections.

Rabbit hemorrhagic disease (RHD) was first reported in China
in 1984 (1), and the etiological agent, rabbit hemorrhagic dis-
ease virus (RHDV; Caliciviridae family, Lagovirus genus), was
identified subsequently (2—4). RHDV is highly contagious and is
endemic in several countries with wild rabbit populations. The
virus attaches to epithelial cells in the digestive or respiratory tract
and can lead to massive lesions in the liver, trachea, and lungs of
adult rabbits. High mortality rates in the range of 90% can lead to
a drastic decimation of rabbit populations (reviewed in reference
5), which is an ecological threat and economic burden. A vaccine
for RHDV was introduced in the 1990s (6), and this provided
good coverage for the strains circulating at that time and up until
recently (reviewed in reference 5). However, atypical RHD out-
breaks in vaccinated rabbits and with high mortalities in young
rabbits appear to be changing the epidemiological panorama of
this disease, which coincided with the emergence and spread of a
new variant RHDV (7-9).

RHDYV is a single-stranded, positive-sense RNA virus with two
open reading frames (ORFs). The first open reading frame en-
codes the nonstructural proteins and the capsid protein, whereas
ORF2 encodes a minor structural protein (10). RHDV cannot be
grown in cell culture, although the expression of the capsid pro-
tein in insect cells results in the formation of virus-like particles
(VLPs) that are morphologically and antigenically similar to the
native virion (11, 12). The capsid protein is divided into a shell (S)
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and protruding (P) domain, where the S domain forms a scaffold
protecting the RNA from the environment and the P domain,
which is more exposed, likely contains determinants for cell at-
tachment and antigenic diversity.

RHDV strains usually are classified on the complete capsid
amino acid sequences (13), and there appears to be two genetically
distinct groups of RHDV strains, tentatively termed RHDV and
RHDVD (8). Unlike human noroviruses (Caliciviridae family, No-
rovirus genus) that have a unified classification scheme (14), the
RHDV strains have multiple nomenclatures. The subclusters in
the distinct RHDV groups have been termed genogroups or
groups 1 to 6 (G1 to G6 [15-18]), groups/clades 1 to 4 (15, 19),
and clades A to D (13). The G6 cluster additionally was termed
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TABLE 1 Data collection and refinement statistics of unliganded and complexed RHDVb P domain structures

Value(s) for®:

Parameter RHDVb unliganded (4X1W)

RHDVbD Le”-tetra (4X1X) RHDVDb H2-tri (4X1Z)

Data collection statistics

Space group P12,1

Cell dimensions
a, b, c(A) 59.19, 83.13, 118.29
o, B,y (%) 90.00, 93.21, 90.00

19.80-1.95 (2.02-1.95)*
16.61 (74.89)*

Resolution range (A)
Rmerge (0/0)

Ilo (I) 7.82 (1.40)*
Completeness (%) 99.67 (98.50)*
Redundancy 4.6 (2.9)*
Refinement statistics
Resolution range (A) 19.80-1.95
No. of unique reflections 83191
Rygd Revee (%) 17.98/21.24
No. of atoms 10,593
Protein 9,665
Ligand/ion 27
Water 901
Avg B factors (A%)
Protein 25.40
Ligand/ion 29.70
Water 30.50
RMSD
Bond length (A) 0.005
Bond angle (°) 0.98

P12,1 P2,2,2,
59.44, 84.15, 62.66
90.00, 110.11, 90.00
48.22-1.55 (1.61-1.55)*
6.87 (54.95)*

10.85 (1.85)*

98.02 (95.50)*

76.17,76.21, 107.68
90.00, 90.00, 90.00
20.00-1.30 (1.35-1.30)*
6.57 (43.74)*

22.20 (1.95)*

98.30 (86.57)*

3.0 (3.0)* 13.5 (3.0)*
48.22-1.60 20.00-1.36
82109 151410
15.45/18.45 10.78/13.24
5,583 5,773
4,869 4,856

51 86

662 828

17.10 13.50
23.70 46.30
26.60 26.00
0.005 0.007

1.08 1.25

@ For RHDVDb unliganded, two datasets were merged from two crystals. For RHDVb Le’-tetra, the data were collected from a single crystal. For RHDVb H2-tri, two datasets were
merged from two different locations on a single crystal. Values in parentheses are for the highest-resolution shell.

RHDVa (20). The RHDVDb branch also is known as RHDV?2 (8, 15,
21). This multiple naming of subclusters has caused confusion in
the field, and for this study we used the nomenclature of RHDVa,
RHDVDb, RHDV Gl to G5, and RHDV (for all strains).

RHDV and human norovirus bind to histo-blood group anti-
gens (HBGAs), and this is thought to be important for infection
(22, 23). Recently, a genogroup II (GII) human norovirus was
found to infect B cells, and the infection was enhanced by syn-
thetic HBGAs or HBGA-expressing enteric bacteria (24). HBGAs
are polymorphic carbohydrates that are synthesized by a stepwise
addition of monosaccharides to different precursor structures,
aided through the action of specific glycosyltransferases. The fe-
cal-oral route is the major route of RHDV transmission. Rabbits
were shown to express HBGAs (A, B,and H type 2 [Lewis Y {Le’}])
on the duodenum surface, although other areas, such as the tra-
chea and biliary ducts, also weakly expressed several HBGA types
(16). RHDV G1 to G5 and RHDVa were found to bind to HBGAs
in a strain-dependent manner and with variable magnitudes (16).
All strains bound B and H type 2, A type was not recognized by G2
or G3, and Lewis Y was recognized only by G1 and RHDVa. Little
is known about RHDVb interactions with HBGAs, although hem-
agglutination assays using human O (H type), A, B, and AB eryth-
rocytes indicated that RHDV G1 and RHDVD had variable inter-
actions with the different blood types (8).

Recently, a pseudoatomic model of an RHDVa VLP was deter-
mined (12). Based on sequence alignment of RHDV representa-
tives, seven regions of sequence variation on the RHDVa P do-
main were identified that could give rise to different HBGA
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binding specificities and antigenicity. As a result, three putative
HBGA binding cavities were predicted on the outer surface of the
RHDVaP domain (12). Here, we show the X-ray crystal structures
of the new variant RHDVb P domain (also termed N11 strain [8])
in complex with Lewis Y and H type 2 HBGAs. We showed that
HBGAs bound at the dimeric interface on the side of the RHDVb
P dimer, which was distinctly different from the three predicted
sites on the RHDVa P domain (12). Residues from both RHDVb
monomers contributed to the HBGA binding and involved a net-
work of hydrogen bonds. Sequence analysis showed that the
HBGA binding residues were preserved among RHDVs, suggest-
ing that other RHDV strains bind HBGA at the same pocket.

MATERIALS AND METHODS

Expression and purification of RHDVb P domain. The RHDVb P do-
main (N11 strain; GenBank accession number JX133161) expression con-
struct was designed from an alignment of a human norovirus P domain
construct, which expressed well and diffracted to high resolution (25).
Based on this alignment, amino acids 231 to 569 of the RHDVb capsid
gene were codon optimized for Escherichia coli expression (Geneart),
cloned into a modified pMal-c2X expression vector (New England Bio-
Labs), and expressed as previously described, with slight modifications
(25). Briefly, the P domain construct was transformed into BL21 cells,
induced with 0.75 mM isopropyl-B-p-thiogalactopyranoside (IPTG) at
an optical density at 600 nm (ODy,) of 0.6, and then grown for 18 h at
20°C. Cells were harvested by centrifugation at 6,500 rpm for 15 min at
4°C and subsequently disrupted by sonication on ice. A His-tagged
MBP-P domain fusion protein was purified over a Ni column (Qiagen)
and digested with HRV-3C protease (Novagen) overnight at 4°C. The
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FIG 1 X-ray crystal structure of unliganded RHDVb P domain. The RHDVa pseudoatomic VLP model (T=3) was modeled with different monomer interac-
tions (12), where each A, B, and C monomer was colored blue, salmon, and light blue, respectively. The boxed region shows the location of the P dimer. The
unliganded RHDVb P domain dimer was colored according to monomers (chain A and B) and P1 and P2 subdomains, i.e., chain A, P1, light pink; chain A, P2,
slate; chain B, P1, light teal; and chain B, P2, deep salmon. Three extended loops were located on the outer region of the P domain.

cleaved P domain was separated on the Ni column and then dialyzed
against gel filtration buffer (50 mM Tris [pH 7.6] and 250 mM NaCl)
overnight at 4°C. The P domain was further purified as a dimer by size-
exclusion chromatography with a Superdex 200 column, concentrated to
9 mg/ml, and stored in gel filtration buffer at 4°C.

Crystallization of RHDVb P domain. The RHDVb P domain was
crystallized using the hanging-drop method. Briefly, a 1:1 ratio of P do-
main and mother solution containing 1 M lithium chloride, 24% polyeth-
ylene glycol 6000 (PEG 6000), and 0.1 M citric acid (pH 4) were mixed and
incubated at 18°C. For cocrystallization experiments, we added an equal
volume of P domain, mother solution, and a 30 to 60 molar excess of
HBGA (Dextra, United Kingdom). Prior to flash freezing, crystals were
transferred to a cryoprotectant containing mother liquor, a 10 to 30 molar
excess of HBGA (for complexes), and 30% ethylene glycol.

Sequence analysis. Amino acid sequences of the complete/partial cap-
sid gene of RHDV strains representing different strains were aligned in
Clustal X. The representative sequences were N11 (JX133161; RHDVb),
CHA/97 (DQ205345; RHDVa), G1 (Z49271), G2 (AF402614), G3/G4
(FR823354), and G5 (AMO085133).

Data collection, structure solution, and refinement. X-ray diffrac-
tion data were collected at the European Synchrotron Radiation Facility,
France, at beamlines BM30A and ID23-1, and they were processed with
XDS (26). Structures were solved by molecular replacement in PHASER
(27). Structures were refined in multiple rounds of manual model build-
ing in COOT (28) and further refined with PHENIX (29). The HBGAs
were added at the final stages of structural refinement in order to exclude
bias during refinement. Structures were validated with Procheck (30) and
Molprobity (31). Glycosidic bonds for the oligosaccharides were defined
in PHENIX during refinement. HBGA interactions were analyzed using
Accelrys Discovery Studio (version 4.1), with hydrogen-bonding interac-
tion distances between 2.4 and 3.5A. Figures and protein contact poten-
tials were generated using PyMOL (version 1.12r3pre).

Protein structure accession numbers. The atomic coordinates of
RHDVb unliganded, RHDVD Lewis Y tetrasaccharide (Le’-tetra), and
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RHDVb H type 2 trisaccharide (H2-tri) were deposited in the Protein
Data Bank (PDB) under entries 4X1W, 4X1X, and 4X1Z, respectively.

RESULTS
Unbound structure of the variant RHDVb P domain. The
RHDVD P domain coding sequence was expressed in E. coli, and
the purified P dimer was crystallized. The unliganded RHDVD P
domain was solved using molecular replacement with the previ-
ously determined RHDVa P domain (4EGT) as a search model.
The structure was refined to a resolution of 1.95 A, with two P
dimers in the asymmetric unit (Table 1). The electron density was
well defined for most of the RHDVb P dimers, having an overall B
value of 25 A% Some regions showed weaker electron density. In
particular, residues 477 to 482 on one chain had higher than av-
erage B values (between 50 and 110 A?). The RHDVb P domain
could be subdivided into P1 and P2 subdomains, as proposed for
RHDVa (Fig. 1) (12). The RHDVb P1 subdomain contained an
a-helix and several B-sheets, whereas the P2 subdomain contained
six antiparallel B-sheets that formed a barrel-like structure. Three
extended loops were located on the RHDVD P2 subdomain between
residues 304 and 312, 343 and 377, and 382 and 390 (Fig. 1).
Comparison of RHDVa and RHDVb P domains. The se-
quence identity between RHDVa and RHDVb was 84%. Superpo-
sition of RHDVa and RHDVb showed that their overall structures
were similar; however, the P1 subdomain helices were slightly
shifted, and a number of P2 subdomain loops were oriented dif-
ferently (Fig. 2A). The root mean square deviation (RMSD) for
Ca atoms of RHDVa:RHDVb was calculated to be 2.0 A, which
indicated that the structures were moderately different. The high
RMSD value was comparable to the RMSD of two different hu-
man norovirus genogroups (GI.1:GIL.10 P domains; RMSD =
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C GII.10/GIIL.12 noroviruses

FIG 2 Structural comparisons of RHDV and norovirus P domains. (A) Superposition of RHDVa (light gray) and RHDVDb (dark gray) P dimers. RHDVa
and RHDVD P domains had an amino acid identity of 84% and an RMSD of 2.0 A. The high RMSD likely related to the different loop variations. (B)
Superposition of GI.1 (light gray; 2ZL5) and GII.10 (dark gray) norovirus P dimers. The GI.1 and GII.10 P domains had an amino acid identity of 43%
and an RMSD of 1.92 A and likely were antigenically distinct (40). (C) Superposition of GII.10 (dark gray) and GII.12 (light gray; 3R6]) norovirus P
dimers. The GII.10 and GII.12 P domains had an amino acid identity of 70% and an RMSD of 0.4 A and were antigenically distinct (41).

1.92 A), which had 43% amino acid identity (Fig. 2B). On the
other hand, the RHDVa:RHDVb RMSD was five times higher
than that for two different norovirus genotypes (GII.10:GIL.12 P
domains; RMSD = 0.4 A), which had 70% amino acid identity
(Fig. 2C). These results implied that RHDVa and RHDVD P do-
main structures resembled distinct genogroups, although they
had high (84%) amino acid identity.

In order to better understand the structural variations between
RHDVa and RHDVDb P domains, amino acid differences were
mapped on the RHDVb P dimer surface (Fig. 3). Amino acid
changes were randomly distributed, although they were mainly
concentrated on the outer surface of the P2 subdomain. Many of
the amino acid changes were located on the three extended loop
regions.
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Complex structures of RHDVb P domain and HBGAs.
RHDV was the first calicivirus shown to interact with HBGAs
(22), followed by noroviruses (23, 32). HBGAs can be subdivided
into ABH and Lewis antigens (33), of which at least four were
found to interact with RHDV (16). We determined the structures
of the RHDVb P domain Le’-tetra and H2-tri complexes using
X-ray crystallography (Table 1). These two HBGAs were chosen
for this study because RHDV G1 and RHDVb interactions with
H2 and Le” appeared variable (8). Electron densities were well
defined for most of the RHDVb P dimer HBGA complexes and
reminiscent of the unliganded RHDVb structure.

Structure of RHDVD P domain Le”-tetra complex. The elec-
tron density was easily discernible for the ABH-fucose, galactose,
and N-acetylglucosamine of Le”-tetra, and further refinement led
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T310S V408A

FIG 3 Amino acid variations between RHDVa and RHDVb P dimers. Amino acid changes (red) were highlighted on the RHDVb P dimer (side and top views).
The changes were numbered according to a change from RHDVa to RHDVD (chain B [denoted by a superscript “B”] is indicated for ease of viewing). The black

circle indicates the position of the RHDVb HBGA binding pocket.

to a clearly defined orientation of these saccharides (Fig. 4A). The
electron density for the peripheral Lewis-fucose of Le”-tetra was
disordered and not modeled into the structure. The Le’-tetra
bound at the RHDVD P2 subdomain and on the side of the dimer
(Fig. 4B). Residues from both monomers contributed to Le”-tetra
binding through a network of hydrogen bonds (Fig. 4C and D).
The ABH-fucose was held with four direct hydrogen bonds from
one monomer, two from the side chain of Asp472, one from the
side chain of Asn474, and one from the side chain of Ser479. The
galactose was positioned further away from the protein and
showed no interaction with any residues. The N-acetylgluco-
samine was held with three direct hydrogen bonds from both
monomers, two from the main chain of Ser364 and one from the
side chain of Thr480. A number of main- and side-chain water-
mediated interactions with ABH-fucose and N-acetylglucosamine
also were observed (Fig. 4D). The reason why the terminal Lewis-
fucose could not be modeled into the electron density could be the
lack of binding interactions with the P dimer, since, based on the
N-acetylglucosamine position, the Lewis-fucose likely was raised
off the protein (Fig. 4C).

Superposition of the RHDVb P domain Le”-tetra complex and
unliganded structures indicated that no major conformational
changes occurred during HBGA binding. Only one Le’-tetra
bound to the RHDVb P dimer, and the unoccupied pocket
showed a possible steric clash with the neighboring subunit, which
likely blocked the second Le’-tetra from binding (data not
shown).

Structure of RHDVD P domain H2-tri complex. The H2-tri
electron density was clearly visible for the ABH-fucose and less
defined for the -galactose and N-acetylglucosamine (Fig. 5A).
The H2-tri bound at the HBGA binding pocket on both sides of
the dimer (Fig. 5B) and was positioned through a network of
hydrogen bonds (Fig. 5C and D). The ABH-fucose was held with
four direct hydrogen bonds from one monomer, two from the side
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chain of Asp472, one from the side chain of Asn474, and one from
the side chain of Ser479. The galactose was not interacting with
any residues. The N-acetylglucosamine was held with three direct
hydrogen bonds, two from the main chain of Ser364 and one from
the side chain of Thr480. Similar to the RHDVb Le”-tetra com-
plex, water-mediated interactions with the ABH-fucose and N-
acetylglucosamine also were observed (Fig. 5D).

Sequence and structural analysis of the RHDVb HBGA bind-
ing pocket. Comparisons of Le”-tetra and H2-tri structures indi-
cated that the ABH-fucose was tightly held with three P domain
residues (Asp472, Asn474, and Ser479). These three residues were
highly conserved among different RHDV P domains (Fig. 6A).
This result suggested that the different RHDV strains also could
bind HBGAs at this pocket, although amino acid variations sur-
rounding the pocket may influence the interactions (Fig. 3).
Structural analysis of the RHDVb HBGA binding pocket showed
that the three conserved residues were located on a single P2 sub-
domain loop. Superposition of the unbound RHDVb and
RHDVDb H2-tri revealed that the loop had slightly different con-
formations, especially between residues 477 and 482 (Fig. 6B).
However, the loop on the alternative RHDVb H2-tri binding
pocket did not show such conformational changes (data not
shown). Moreover, in the unbound RHDVa structure (residues
472 to 483), this loop was partially unmodeled, since the electron
density was disordered. Taken together, these results suggested
that the loop was flexible. Further studies are needed to define how
the flexible loop may have affected the HBGA binding interac-
tions.

Protein contact potential of RHDVb P dimer. The protein
contact potential was calculated on the RHDVb P dimer using
PyMOL (version 1.12r3pre) in order to better understand the
variations in surface charge that could alter antigenicity and
HBGA binding interactions. Four large patches of negative charge
were found on the P dimer (Fig. 7A). These patches were located
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B

LeY-tetra

D Ser364 Asn365
o\ 07\
) 0) Asnd81

Serd479

OH

H.N_O O

Asn474 Asp472

FIG 4 RHDVb P domain and Le”-tetra interactions. The Le’-tetra is an a-L-fucose-(1-2)-B-D-galactose-(1-4)-N-acetyl-B-D-glucosamine-(3-1)-a-L-
fucose. The reducing-end hydroxyl group was fixed in the « position in the Le’-tetra (underlined). (A) The Fo-Fc simulated annealing difference omit
map (blue) was contoured at 3.0 0. The ABH-fucose, galactose, and N-acetylglucosamine (green sticks) of Le’-tetra easily fit into the electron density. The
Lewis-fucose was disordered and was not modeled into the structure. (B) The Le”-tetra bound to the dimeric interface on the side of the P dimer (colored
as described in the legend to Fig. 1). (C) Closeup surface and ribbon representation of the RHDVb P dimer showing the bound Le’-tetra. (D) The Le’-tetra
binding interaction with RHDVD P dimer, where the black dotted lines represent the hydrogen bonds and the sphere represents water molecules (fucose,
FUC; galactose, GAL; N-acetylglucosamine, NDG). The Lewis-fucose was disordered and was not modeled into the structure (-R). For simplicity, only the

backbone is shown for residues that were backbone mediated. Hydrogen bond distances were less than 3.2 A, although the majority were ~2.8 A.

on the side of the P dimer and on the P1 and P2 subdomains.
Other regions on the P dimer displayed a random distribution of
charge. The HBGA binding pocket was situated in the negatively
charged P2 subdomain patch and was distinctly different from a
representative GII norovirus that showed patches of both negative
and positive charge around the HBGA pocket (Fig. 7B). Interest-
ingly, the equivalent RHDV HBGA binding pocket on the GII
norovirus P dimer was mainly positively charged. It appeared that
the HBGA binding pockets for RHDVD and GII norovirus were
either negative regions or negative/positive patches, but they were
never in exclusively positive regions.

DISCUSSION

Despite an extensive vaccination and outbreak control strategy,
RHDV is still a major economic and ecological burden in many
parts of the world. Until recently, only one serotype was circulat-
ing (20); however, it seems possible that a new serotype (termed
RHDVD or RHDV2) has emerged (7, 9, 15, 21). Significantly, the
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original RHDV vaccine has been reported to have low or no effi-
cacy against RHDVb (7, 8). RHDVD has spread quickly and ap-
pears to be replacing the older RHDV strains on the Iberian Pen-
insula (8, 9) and in France, which is considered an important
distribution source for RHDV (7, 16, 19). The drastic spread of
RHDVD, combined with a changed virulence profile, lead to the
assumption of an altered receptor specificity and viral capsid
modifications (8).

The amino acid sequence identity between RHDVa and RHDVb
was 84%. Structural comparisons of the RHDVa and RHDVDb P
domains showed that P1 subdomain helices and P2 subdomain
extended loops were slightly shifted (Fig. 2A). These extended
loops also contained amino acid variations, although there was a
random distribution of amino acid changes on the P dimer surface
(Fig. 3). The antigenicity among the earlier and variant RHDV
strains still is poorly understood, but based on RMSD values, RH-
DVa and RHDVDb P domains appeared distinctly different and
likely represented different genogroups (Fig. 2B and C). Interest-
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galactose

ABH-fucose

D i Asn365
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0 Asn481
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<
\OH ....... HO O Glud76
Ser479
oH

HN_O O

Asn474 j Asp47?

FIG 5 RHDVb P domain and H2-tri interactions. H2-tri is an a-L-fucose-(1-2)-p-D-galactose-(1-4)-N-acetyl-B-D-glucosamine. The reducing-end hydroxyl
group was fixed in « position in H2-tri (underlined). (A) The Fo-Fc simulated annealing difference omit map (blue) was contoured at 3.0 o. The electron density
for H2-tri (cyan sticks) was clearly visible for ABH-fucose and less defined for galactose and N-acetylglucosamine. (B) H2-tri bound to the dimeric interface on
the side of the P dimer. (C) Closeup surface-and-ribbon representation of the RHDVD P dimer showing the bound H2-tri. (D) The H2-tri binding interaction
with RHDVb P dimer, where the black dotted lines represent the hydrogen bonds and the sphere represents water molecules (fucose, FUC; galactose, GAL;
N-acetylglucosamine, NDG). For simplicity, only the backbone is shown for residues that were backbone mediated. Hydrogen bond distances were less than 3.2

A, although the majority were ~2.8 A.

ingly, the two different human norovirus genogroups (GI and
GII) interact differently with HBGAs on the P domain, where GI
binds HBGAs on a single monomer and GII binds HBGAs at a
dimeric interface (25, 34, 35). Therefore, it is tempting to specu-
late that RHDVa and RHDVb also have different HBGA binding
mechanisms, especially since RHDVa and RHDVb were found to
have variable interactions with human blood types (8, 16). How-
ever, further structural studies of other RHDV strains are needed
in order to determine the HBGA binding differences and sim-
ilarities.

A previous study using nuclear magnetic resonance (NMR)
spectroscopy showed that the fucose moiety of HBGAs is required
as a minimal structural recognition motif for RHDV (36), which
correlated well with our structural data. We showed that fucose
was firmly held with three residues (Asp472, Asn474, and Ser479).
These three amino acids were highly conserved among diverse
RHDYV strains (Fig. 6A). Superposition of unbound RHDVa and
RHDVDb H2-tri structures indicated that the RHDVa HBGA bind-
ing pocket was similar to that of RHDVD (data not shown). How-
ever, the loop interacting with the ABH-fucose appeared flexible
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in RHDVaand RHDVD (Fig. 6B). The reasons for the distinct loop
flexibility were not known. However, flexibility in the HBGA
binding pocket may provide a defense mechanism for RHDV by
protecting the HBGA pocket and making it less vulnerable to the
immune system. Moreover, the flexible loop could provide a se-
lection mechanism for HBGA types and promote HBGA binding
diversity among different RHDV strains (8). On the other hand,
the RHDV flexible loop was the reverse of that of GII noroviruses,
which usually have stable loops in the analogous fucose-binding
site and flexible modulating loops at the peripheral saccharide site
(data not shown).

In both RHDV and GII noroviruses, an aspartic acid residue
coordinated the binding of fucose. However, the interacting hy-
droxyl groups of fucose were shifted from C,0OH and C;OH in GII
norovirus to C;OH and C,;OH in RHDVDb. Despite this difference,
there were similar HBGA binding features. RHDVb and GII no-
rovirus bound HBGAs at a dimeric interface, residues from both
monomers interacted with HBGAs, the ABH-fucose was consid-
ered the minimal structural binding motif, and the binding pocket
was mainly negatively charged (Fig. 7). These results implied a
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N-acetylglucosamine

B
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FIG 6 Amino acid sequence alignment of the partial RHDV P domains and structural analysis of the loop that binds the ABH-fucose. (A) The P domains of
different RHDV strains, N11 (JX133161; RHDVb), CHA/97 G6 (DQ205345; RHDVa), G1 (Z49271), G2 (AF402614), G3/G4 (FR823354), and G5 (AM085133),
were aligned using Clustal X (partial sequences are shown). The P domain was divided into P1 (pink) and P2 (slate) subdomains as previously described (12). The
residues having a direct hydrogen bond with HBGAs were highlighted (green). The flexible loop region was between residues 472 and 483 (red bar). The asterisks
represent conserved amino acids residues. (B) Superposition and closeup view of the flexible loop (residues 472 to 483) of two unbound RHDVD dimers (light
and dark gray) and one RHDVb H2-tri dimer (red), showing bound H2-tri (cyan sticks). The flexible loop, shown in various conformations, contained three
residues (side chains of Asp472, Asn474, and Ser479) that were involved in binding of the ABH-fucose of H2-tri. The side chain of Ser479, which interacted with
N-acetylglucosamine, was not modeled into the loop of one unbound RHDVb dimer due to poor electron density. However, on the corresponding loop of the
second monomer, the electron density of the Ser479 side chain was clearly defined (data not shown).

convergent evolution of HBGA binding interactions among cali-
civiruses, which was previously suggested (37, 38). Moreover, a
question arises: if HBGAs served as a possible receptor or attach-
ment factor for RHDV and noroviruses, what is preventing zoo-
nosis events, especially since noroviruses are well known for ge-
netic recombination (39)? Currently, the precise roles of HBGAs
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in infections are unknown for both RHDV and norovirus. How-
ever, it is speculated that other receptors/cofactors for virus infec-
tion of host cells are required, which could account for species
specificity. Recently, it was shown that HBGAs or HBGA-express-
ing enteric bacteria enhanced human GII norovirus infection in B
cells (24). Considering that RHDVb and GII norovirus interact
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A RHDVb

~-61 +61 kT/e

FIG 7 Protein contact potential of RHDVb and GII norovirus P dimers. Surface representation of protein contact potential of RHDVb and GII.10 norovirus P
dimers with bound H2-tri (a second H2-tri was modeled into the GII.10 P domain to show both HBGA binding sites). RHDVb and GII norovirus bound HBGAs
at different sites on the P domains. RHDVDb bound HBGAs on the side of the P domain, whereas GII norovirus bound HBGAs on the outer surface of the P
domain. (A) RHDVD P dimer protein contact potential (—53 to +53 kT/e). The region surrounding the ABH-fucose of H2-tri was mainly negatively charged.
(B) The GII.10 norovirus (3Q3A) dimer protein contact potential (—61 to +61 kT/e). The region surrounding the HBGA pocket was both negatively and
positively charged. The black circle indicates the position on the GII dimer that would correspond to the RHDVb HBGA binding pocket.

similarly with HBGAs, it is possible that a comparable cell culture
system also could work with RHDVD.
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