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Noroviruses have been identified as major causative agents of acute non-

bacterial gastroenteritis in humans. Histo-blood group antigens (HBGAs)

are thought to play a major role among the host cellular factors influencing

norovirus infection. Genogroup I, genotype 9 (GI.9) is the most recently

identified genotype within genogroup I, whose representative strain is the

Vancouver 730 norovirus. However, the molecular interactions between

host antigens and the GI.9 capsid protein have not been investigated in

detail. In this study, we demonstrate that the GI.9 norovirus preferentially

binds Lewis antigens over blood group A, B, and H antigens, as revealed

by an HBGA binding assay using virus-like particles. We determined the

crystal structures of the protruding domain of the GI.9 capsid protein in

the presence or absence of Lewis antigens. Our analysis demonstrated that

Lewis fucose (a1–3/4 fucose) represents a key moiety for the GI.9 protein–
HBGA interaction, thus suggesting that Lewis antigens might play a criti-

cal role during norovirus infection. In addition to previously reported find-

ings, our observations may support the future design of antiviral agents

and vaccines against noroviruses.

Abbreviations

ABH, blood group A, B and H antigens; D-PBS, Dulbecco’s modified PBS; FUT, fucosyltransferase; GI, genogroup I; GII, genogroup II;

HBGA, histo-blood group antigen; HRP, horseradish peroxidase; HSA, human serum albumin; ORF, open-reading frame; SUMO, small

ubiquitin-related modifier; VLP, virus-like particle; VP, viral protein.
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Noroviruses are leading causative agents of nonbacter-

ial acute gastroenteritis in humans and are classified

into the family Caliciviridae [1]. Among the 10 gen-

ogroups, genogroup I (GI) and genogroup II (GII)

noroviruses are major pathogens for humans and are

further classified into nine and 27 genotypes, respec-

tively [2]. More than 90% of human noroviruses iso-

lated from patients belong to GII [3]. GII, genotype 4

(GII.4) noroviruses have been always dominant, some-

times with minor modification that are recognized as

subtypes or variants. Emerging genotypes in both GI

and GII might pose a threat to humans, since consid-

erable numbers of humans, especially infants and

young children, are thought not to have an effective

immunity against them.

The GI.9 norovirus is a newly identified genotype,

the representative strain of which is the Vancouver 730

strain isolated in Canada in 2004. Since then, several

GI.9 isolates have been discovered in several countries.

To determine the reasons for the emergence of new

genotypes, their evolutionary implications, and the

best means of controlling infection by these genotypes,

it will be important to clarify and compare the struc-

tures of noroviruses from various genotypes.

A single norovirus virion is composed of 180 mole-

cules of the viral protein 1 (VP1), a major capsid pro-

tein, which is encoded by open-reading frame 2 (ORF2)

in the positive sense, single-stranded RNA genome, and

90 dimers of VP1 proteins self-assemble to form a T = 3

icosahedral particle [4]. ORF3 encodes a minor struc-

tural protein abundant in basic amino acids, the VP2

protein. It is therefore suggested that the VP2 protein

interacts with the RNA genome. It was shown that the

VP2 protein of feline calicivirus formed a portal-like

assembly following its receptor binding, which possibly

functioned as a genome-translocating channel [5]. Since

feline caliciviruses also belong to the family Caliciviridae

and are closely related to noroviruses, the VP2 proteins

from noroviruses are presumed to have the same func-

tion. When the norovirus ORF2 even without the ORF3

is expressed in insect cells via recombinant baculo-

viruses, virus-like particles (VLPs) without the genome

are formed and excreted into the culture medium [6].

Normally, VLPs of 38 nm in diameter are formed, but

sometimes VLPs of 23 nm in diameter are produced

[7,8]. These smaller particles have a T = 1 icosahedral

symmetry [9].

The crystal structure of the 38-nm VLPs from the

GI.1 Norwalk strain was solved in 1999 [4]. The struc-

ture showed that the VP1 protein consisted of two

domains, an S domain that forms a contiguous spherical

shell and a P domain that protrudes from the shell. The

P domain is further divided into two subdomains, P1

and P2. Compared with those in the P1 subdomain,

amino acids in the P2 subdomain are less conserved,

which is attributed to the presence of a wide variety of

genotypes and hence the differences in antigenicity. The

P2 subdomain is inserted into the P1 subdomain and

resides on the outmost surface of the virus capsid [4].

The P domain proteins self-assemble into dimers (P

dimers) when expressed in Escherichia coli cells. P

dimers derived from various GI norovirus strains have

been subjected to crystal structure determination [10–
14]. Also, in the case of GII noroviruses, the high-

resolution structures revealed the molecular basis for

the interaction between the P dimers and histo-blood

group antigens (HBGAs), indicating the difference in

the HBGA-binding mode between GI and GII noro-

viruses [15–22]. It is noteworthy that norovirus binds to

synthetic HBGAs having the same saccharide structures

as those found on the cell surface or in secretions. Gen-

erally, nonsecretors with the null fucosyltransferase

(FUT)2 allele are tolerant to norovirus infection [23],

but it is known that a few genotypes are capable of

developing the norovirus illness even in nonsecretors

[24], suggesting that Lewis antigens might be involved in

norovirus infection. These observations raise the possi-

bility that some HBGAs—namely, blood group A, B

and H (ABH) antigens and/or Lewis antigens—are

receptors for noroviruses, but their physiological roles

in norovirus infection remain unknown. Interestingly,

the HBGA binding profile varies among genotypes even

within the same genogroup.

In this study we determined the crystal structures of

P dimers from the emerging GI.9 norovirus in the

absence or presence of Lewis antigens to assess the

structural basis for the HBGA recognition by this

genotype.

Materials and methods

Norovirus strain and plasmid construction

A gene fragment encoding the VP1 and VP2 proteins of

the Vancouver strain (GenBank ID: HQ637267) was syn-

thesized by GenScript (Piscataway, NJ, USA). Codons for

this fragment were optimized for expression in insect cells.

The entire VP1 and VP2 region was inserted into a pORB

baculovirus transfer vector (Allele Biotechnology, San

Diego, CA, USA), resulting in the construction of pORB

Vancouver-VP1,2.

For the expression of P domain proteins from the Van-

couver VP1, the gene fragment encoding the P domain,

including the amino acids from positions 229 to 540, was

attached by overlap PCR to sequences encoding a modified

poly-histidine (N11, MKDHLIHNHHKHEHAHAEH)
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affinity tag [25] and a small ubiquitin-related modifier

(SUMO) fusion tag at the N terminus, and then subcloned

into the plasmid pCR2.1-TOPO (Thermo Fischer Scientific,

Waltham, MA, USA). The resultant plasmid expressed the

N-terminal SUMO fusion protein of the P domain.

Preparation of VLPs

Sf9 cells (Oxford Expression Technologies, Oxford, UK)

were transfected with pORB Vancouver-VP1,2 together

with Sapphire Baculovirus DNA (Allele Biotechnology),

which resulted in the production of recombinant baculo-

viruses that could be used for VLP production in

Trichoplusia ni cells (Oxford Expression Technologies).

VLPs collected from culture media were separated by iso-

pycnic CsCl density gradient centrifugation. A band includ-

ing VLPs was diluted in distilled water and subjected to

ultracentrifugation. Sedimented VLPs were resuspended in

distilled water and stored at 4 °C. The integrity of VLPs

was evaluated by transmission electron microscopy with

uranyl acetate used as a stain.

Preparation of P domain proteins

The N11-tagged SUMO fusions of the Vancouver P

domain proteins were synthesized by an E. coli cell-free

protein synthesis system [26] or expressed in the E. coli

KRX strain by induction with 0.1% rhamnose. The fusion

proteins were immobilized by a HisTrap column (GE

Healthcare, Piscataway, NJ, USA), washed with 20 mM

imidazole, and then eluted with 200 mM imidazole or a lin-

ear gradient of 20–250 mM imidazole. Fusion proteins were

digested by a SUMO protease, followed by 2nd HisTrap

chromatography. The resultant flow-through fraction con-

taining cleaved P domain proteins without N11-SUMO was

desalted by using a HiPrep Desalting column (GE Health-

care) and then subjected to anion exchange chromatogra-

phy using a HiTrapQ column (GE Healthcare). The P

domain proteins were eluted by applying an NaCl gradient.

The peak fraction was further applied to a HiLoad200 col-

umn (GE Healthcare) to purify to homogeneity. The puri-

fied P domain proteins were concentrated by using an

Amicon Ultra 4 (MWCO 10,000; Merck Millipore, Burling-

ton, MA, USA) to a protein concentration of around

10 mg�mL�1 in 10 mM Tris/HCl (pH 8.0).

HBGA binding assay

The BSA conjugates of blood group A trisaccharide, blood

group B trisaccharide, blood group H type 1 (lacto-N-

fucopentaose I), Lewis a (lacto-N-fucopentaose II), Lewis x

(lacto-N-fucopentaose III), and Lewis b (lacto-N-

difucohexaose I) were purchased from Dextra Laboratories

(Reading, UK). The HSA conjugates of Lewis y tetrasac-

charide and lactose were purchased from IsoSep (Tullinge,

Sweden). The lactose-BSA conjugate was obtained from

Sigma (St. Louis, MO, USA). BSA and HSA were pur-

chased from FUJIFILM Wako Pure Chemical Corporation

(Osaka, Japan) and Nacalai Tesque (Kyoto, Japan), respec-

tively. BSA, HSA, and the BSA or HSA conjugates of lac-

tose were used as negative controls in the HBGA binding

assay. BSA, HSA, and the HBGA-conjugates were solved

in phosphate buffer (0.125 M KH2PO4, 0.425 M Na2HPO4,

pH 6.8) at 1 mg�mL�1 and stored at �80 °C. BSA, HSA,

and the conjugates were diluted in 50 mM sodium carbon-

ate buffer (pH 9.6) at 20 µg�mL�1, and a 96-well ELISA

microplate was coated by using 50 µL�well�1 of the diluents

at 4 °C overnight. After washing with Dulbecco’s modified

PBS (D-PBS) containing 0.05% Tween 20, the microplate

was blocked by dilution buffer (D-PBS containing 0.5%

Tween 20 and 5% skim milk) for 1 h at 37 °C. After wash-

ing, 50 µL of the dilution buffer was poured into each well.

Fifty microliters of VLP suspension in dilution buffer at

100 µg�mL�1 was added to the wells in line B of the micro-

plate, and twofold serial dilutions of VLPs were made to

line G, followed by incubation at 37 °C for 1 h. After

washing, rabbit antiserum raised against Vancouver VLPs

(Scrum, Tokyo, Japan) diluted in dilution buffer at 1:4000

was added to each well, followed by incubation at 37 °C
for 1 h. Then horseradish peroxidase (HRP)-conjugated

donkey antirabbit IgG (Abcam, Cambridge, MA, USA)

was added and the microplate was placed at 37 °C for 1 h.

2,20-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)

(Roche, Basel, Switzerland) was used as the HRP substrate,

and the absorbance at 405 nm was measured; the absor-

bance at 630 nm was simultaneously recorded as a refer-

ence. For data analysis with the KALEIDAGRAPH software

(Hulinks, Tokyo, Japan), the absorbance at 630 nm was

subtracted from the absorbance at 405 nm.

X-ray crystallography of P domain proteins

The Vancouver P domain proteins were crystalized by sit-

ting drop vapor diffusion at 20 or 25 °C with 0.1 M bicine

(pH 9.0) containing 1.5–1.7 M MgCl2 as a reservoir solu-

tion. To obtain crystals of P domain protein complexes

with Lewis oligosaccharides, the P dimer crystals were

soaked with 100 mM Lewis b tetrasaccharide or Lewis x tri-

saccharide (FUJIFILM Wako) solution solved in the reser-

voir solution at 25 °C overnight. X-ray diffraction data

from the above preparations were collected at BL26B2 of

SPring-8 [27–30] or by an in-house X-ray diffractometer

(Rigaku FR-E) (Rigaku Corporation, Tokyo, Japan). The

diffraction data were processed with the XDS [31] or the

HKL-2000 [32] programs, and the structure was solved by

molecular replacement, using the Phaser program [33] in

the Phenix suite [34], using the P domain of the GI.8 Boxer

strain (PDB ID: 4RDJ) for the apo-form, or the P domain

of the GI.9 Vancouver strain solved in this study for Lewis

b- and Lewis x-bound forms, respectively, as the search
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model. The refinement was conducted using the Phenix

programs, and the structure was manually rebuilt with the

Coot program [35]. Data collection and refinement statistics

are presented in Table 1. The WAALS software (Altif Labo-

ratories, Tokyo, Japan) and UCSF Chimera [36] were also

used for structure visualization.

Results

HBGA binding profile of the GI.9 Vancouver VLP

To determine the HBGA binding profile of the GI.9

Vancouver VLPs, an ELISA-based binding assay was

performed using commercially available BSA or HSA

conjugates of HBGA. As shown in Fig. 1, the Vancou-

ver VLPs bind to four types of Lewis antigens with high

avidity. Lewis a and x antigens are known as nonsecre-

tor antigens, which are predominantly produced in

secretions of FUT2-deficient nonsecretor individuals.

Moreover, the VLPs bind to the secretor antigens Lewis

b and Lewis y. The avidity for Lewis b is comparable to

those for Lewis a and Lewis x, while the binding to

Lewis y is relatively weak but notable. In contrast, the

Vancouver VLPs bind to neither of the ABH antigens,

although there was a weak signal of binding to the H

antigen when a large amount of VLPs was used.

Crystal structure of the GI.9 Vancouver P dimer

To gain insight into the structural basis for the Lewis

antigen binding to the GI.9 VP1 protein, the P domain

proteins were synthesized. The size-exclusion chro-

matogram of synthesized proteins shows that most of

the P domain proteins form dimers (data not shown).

The crystal structure of the dimerized Vancouver P

domains, the P dimer, in apo-form was solved at

2.10 �A. The overall structure of the P dimer (Fig. S1)

was similar to those from other GI genotypes [10–14]
—that is, GI.1, GI.2, GI.7, and GI.8, with RMSDs of

2.587, 2.578, 2.090, and 1.590 �A, respectively. Among

Table 1. Data collection and refinement statistics.

Apo Complex with Lewis b Complex with Lewis x

Data collection

Beamline (diffractometer) SPring-8, BL26B2 (RIGAKU FR-E) (RIGAKU FR-E)

Space group C2 C2 C2

Cell dimensions

a, b, c (�A) 170.95 103.55 76.91 183.75, 76.46, 103.28 184.20, 77.24, 103.53

a, b, c (°) 90.00 116.66 90.00 90.00, 124.20, 90.00 90.00, 124.20, 90.00

Resolution rangea 48.0–2.10 (2.18–2.10) 50.0–2.40 (2.49–2.40) 50.0–2.26 (2.34–2.26)

Total reflections 263 175 170 366 209 926

Unique reflections 69 314 45 674 56 256

Completeness (%)a 99.5 (98.1) 98.2 (91.6) 99.6 (98.6)

Redundancya 3.8 (3.7) 3.7 (3.3) 3.7 (3.5)

I/r (I)a 6.3 (1.1) 18.9 (3.4) 15.3 (3.8)

Rmeas
a 0.248 (2.063) 0.086 (0.395) 0.103 (0.411)

Refinement

Resolution (�A) 2.10 2.40 2.26

Rwork 0.237 0.165 0.165

Rfree 0.269 0.196 0.195

RMS deviations

Bond lengths (�A) 0.008 0.008 0.008

Bond angles (°) 0.960 0.973 0.931

Average B factors (�A 2)

Overall 46.1 37.9 36.5

Macromolecules 46.1 37.8 36.0

Ligands 51.3 41.7 43.7

Solvent 45.8 38.7 39.7

Ramachandran plot (%)

Favored 94.64 96.27 96.75

Allowed 5.36 3.73 3.25

Outliers 0.00 0.00 0.00

PDB ID 7VP0 7VS8 7VS9

aNumbers in parentheses refer to the highest resolution shell.
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the GI noroviruses, the GI.9 Vancouver strain has the

longest B-loop, P-loop, and A-loop and the shortest

T-loop, while the S-loop is relatively long (Fig. 2).

Consistent with their lengths, the B-loop and A-loop

protrude outward to a greater extent than their coun-

terparts from the GI.1 Norwalk strain, which are the

shortest among the GI strains (Fig. S1B).

Crystal structures of P dimer complexes with

Lewis antigens

To reveal the degree of difference between the binding

modes of secretor Lewis antigens and those of nonse-

cretor Lewis antigens, we obtained the crystal struc-

tures of the P domains complexed with each of Lewis

b tetrasaccharide and Lewis x trisaccharide (Fig. 3).

The binding modes of both Lewis antigens to the

Vancouver P dimer are quite similar to those described

in the previous reports for GI.2 [12], GI.7 [13] and

GI.8 [14] noroviruses. In both the Lewis x complex

and Lewis b complex, the Gal and LeFuc moieties are

mainly responsible for the binding to the P domain, as

indicated by the formation of numbers of direct and

water-mediated hydrogen bonds (Fig. 3). Asn398 (side

chain carboxamide) and Asn401 (main chain nitrogen)

on the T-loop as well as Glu349 (main chain carbonyl

oxygen) and Asn351 (main chain nitrogen) on the P-

loop from another protomer are involved in the inter-

action with LeFuc (a1–3/4 fucose) (Fig. 4). It should

be noted that, in the Vancouver P dimer, the p–p
stacking interaction formed by Trp395 and His337 has

an impact on the C-6 methyl group of the LeFuc moi-

ety via a hydrophobic interaction (Fig. 4A and Fig.

S2). Together with Trp395, Val445 on the S-loop,

which is located at the bottom of the HBGA binding

site, creates an environment that is sufficiently hydro-

phobic to accept the C-6 methyl group of the LeFuc

residue (Fig. 4B). Val445 in the GI.9 protein corre-

sponds to Val442 in the GI.8 protein [14], which

shares the same role in the LeFuc binding between the

two residues (Fig. 2). In the Lewis x complex, an addi-

tional contribution of the side chain of Arg403 on the

T-loop to the hydrogen bonding with LeFuc is

observed (Fig. 4B). In contrast, in the Lewis b

(A)

(B)

(C)

Fig. 1. HBGA binding profile of the GI.9 Vancouver VLP. (A) Electron microscopic image of VLPs prepared from a T. ni insect cell culture.

The bar indicates 100 nm. (B) ELISA-based HBGA binding assay using VLPs. The assay was performed (n = 2) as described in the Materials

and methods. The commercially available conjugates of the ABH and Lewis antigens with BSA or HSA were used, and are represented by

different colors with the name of the HBGA. The lactose-BSA (open circles with a dotted line) and lactose-HSA (open squares with a dotted

line) conjugates were used as negative controls. Each of the neolacto-series BSA conjugates included the following oligosaccharides: LNFP

I, Blood group H type 1 pentasaccharide (yellow); LNFP II, Lewis a pentasaccharide (orange); LNFP III, Lewis x pentasaccharide (purple);

and LNDFH I, Lewis b hexasaccharide (yellow green). Blood groups A (blue) and B (green), and Lewis x (red) conjugates include the

respective terminal trisaccharides, and the Lewis y conjugate (sky blue) includes the terminal tetrasaccharide. (C) Symbolic representation of

the HBGAs used for the binding assay. The structures of HBGAs used for the binding assay are depicted in the conventional manner.
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complex the side chain of Arg403 does not always sup-

port LeFuc binding; rather, it is sometimes located

closer to Glu349 on the P-loop from another protomer

(Fig. 4B, left panel), resulting in the formation of a

salt-bridge between these side chains. These results

may suggest that the side chain of Arg403 is flexible.

On the other hand, it seems unlikely that the residues

corresponding to Asn401 and Arg403 on the T-loop

are involved in the LeFuc binding in other GI noro-

viruses [10–14].
The Gal moiety is supported by the side chains of

Asp335 and His337 on the b sheet (b4) preceding the

P-loop as well as by the side chain of Ser397 at the

end of b7 (Fig. 4A and Fig. S2). In addition, the side

chain of Ala400 contributes to a hydrophobic interac-

tion with the C-6 methylene of the Gal moiety

(Fig. 4A). The Asp335-His337 doublet and Ser397 are

conserved in all GI noroviruses (Fig. 2), suggesting

their crucial role in carbohydrate binding. It is likely

that the Gal binding site is strengthened by an antipar-

allel interaction between b4 and b7, in which the main

chain atoms of His337 are hydrogen-bonded with the

main chain atoms of Ser397 (Fig. 4B).

In contrast, the SeFuc moiety of the Lewis b antigen

interacts poorly with the P dimer. Only the side chain

nitrogen of His337 is involved in the SeFuc binding

(Fig. 4A). Similarly, the GlcNAc residue is not likely

crucial for the interaction with the P dimer. It was

observed that the side chain oxygen of Asn351 inter-

acted with O-6 of GlcNAc in the Lewis b complex,

and that the main chain oxygen formed a water-

mediated interaction with O-1 in the Lewis x complex

(Fig. 4B).

Discussion

The GI.9 strain bound to all Lewis antigens tested,

including both secretor species (Lewis b and Lewis y)

and nonsecretor species (Lewis a and Lewis x;

Fig. 1B). Lewis b and Lewis a antigens have the type

1 linkage (Gal–b1–3–GlcNAc), while Lewis y and

Lewis x antigens have the type 2 linkage (Gal–b1–4–
GlcNAc; Fig. 1C). Although the avidity for Lewis y

tetrasaccharide is relatively low, the Vancouver VLPs

tightly bound to Lewis antigens irrespective of the type

of linkage. On the other hand, they did not bind to

any of the ABH blood group antigens, although a

quite weak binding was observed for the H antigen

(Fig. 1B), raising a possibility that GI.9 noroviruses

infect humans independently of their blood types.

To understand the structural basis for Lewis antigen

recognition, the crystals of the Vancouver P dimers were

soaked with Lewis b tetrasaccharide or Lewis x trisac-

charide. Both Lewis saccharides were accommodated in

Fig. 2. Amino acid alignment of VP1 proteins from the GI noroviruses. Amino acid sequences of the P2 subdomain and part of the C-

terminal P1 (‘P1C’) subdomain were aligned with the help of GENETYX-MAC software (GENETYX Corp., Tokyo, Japan). Asterisks (*) indicate

positions at which amino acid residues are conserved, and periods (.) indicate positions occupied by similar amino acids. Amino acid

residues responsible for HBGA binding are shown with red letters. For information on the structures of the GI.1, GI.2, GI.7, and GI.8 P

domains, published reports [10–14] were referenced. The roles of each residue of the GI.9 Vancouver VP1 are represented with symbols as

follows: red closed triangles for LeFuc (a1–3/4 Fuc) binding; orange circles for Gal binding; red open triangles for SeFuc (a1–2 Fuc); blue

squares for GlcNAc binding. Loop regions are boxed with the respective name.
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the crevasse formed by the T-loop and S-loop from one

protomer and the P-loop from another protomer, and

these three loop structures played an exclusive role in

the binding of LeFuc and Gal of Lewis antigens

(Fig. 4). The HBGA binding interface on the Vancouver

P dimer in addition to the mode of HBGA binding is

similar to that on the P dimer of the GI.8 Boxer strain

[14], which is also known as a Lewis binding species. In

spite of the type of Gal–GlcNAc linkage, the amino acid

residues interacting with the LeFuc and Gal moieties

were almost equivalent in the Lewis b and Lewis x com-

plexes. It should be noted that the p–p interaction

formed by Trp395 and His337 affects the binding of the

LeFuc (a1–3/4 fucose) moiety in the Vancouver P

dimer; namely, the side chain of Trp395 points toward

the C-6 methyl of LeFuc (Fig. 4A). On the other hand,

the corresponding His-Trp interaction found in the

other GI noroviruses supported a hydrophobic interac-

tion with the SeFuc (a1–2 fucose) moiety rather than

the LeFuc moiety [10–13].
The GI.8 Boxer VP1 protein does not bind to the

Lewis x antigen [14], while GI.9 VLPs appear to bind

to this HBGA with high avidity (Fig. 1B). It is

noteworthy that the side chain of Arg403 on the T-

loop participates in Lewis x binding via the water-

mediated interaction with the LeFuc moiety (Fig. 4B).

Arg403 corresponds to Thr400 in GI.8 Boxer (Fig. 2),

which does not contribute to Lewis antigen binding

[14]. Thus, this difference might explain the reason for

the difference in Lewis x binding ability between the

two strains. In the Lewis b complex, the side chain of

Arg403 moves outward so as to interact with Glu349

on the P-loop from another protomer, which is also

characteristic of GI.9. This might help to strengthen

the integrity of the HBGA binding site. On the other

hand, the GI.7 TCH-060 P dimer binds to Lewis x,

and the complex structure has been solved [13]. In this

protein, amino acid residues on the T-loop do not con-

tribute to the interaction with LeFuc, but rather exclu-

sively support the interaction with the Gal moiety,

indicating the difference in architecture of the HBGA

binding site.

The b1–3 galactose of Lewis b and the b1–4 galac-

tose of Lewis x occupied a similar position in the

respective complexes, and this was also the case for

the LeFuc residue; that is, the a1–4 fucose of Lewis b

Fig. 3. HBGA binding site in the GI.9 Vancouver P dimer. P dimers were purified and crystalized as described in the Materials and methods.

The P dimer crystals were soaked with Lewis b tetrasaccharide or Lewis x trisaccharide to obtain the respective complex. The structures of

the Lewis b complex and the Lewis x complex are overlaid. This figure focuses on the HBGA binding site on the B subunit of the P dimer.

The P-loop from the A subunit (P-loop (A)) is involved in making this site. The loop structures and their names are depicted in the same

color. Lewis b tetrasaccharide and Lewis x trisaccharide are depicted in yellow green and pale orange, respectively. The backbones of the A

and B subunits of the Lewis b complex are depicted in pale red and sky blue, respectively, and those of the A and B subunits of the Lewis

x complex are shown in yellow and pink, respectively.
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and the a1–3 fucose of Lewis x also occupied similar

positions (Fig. 4). In contrast, the a1–2 fucose residue

(SeFuc) in the Lewis b tetrasaccharide was held by

only a hydrogen bond with His337 (Fig. 4), reinforcing

the idea that Lewis antigens were recognized by P

domain proteins mainly via their LeFuc and Gal resi-

dues. This is consistent with the biochemical data

showing that both Lewis a (type 1) and Lewis x (type

2) are recognized by VLPs to the same degree

(Fig. 1B), indicating that the difference in the type of

the Gal–GlcNAc linkage is not critical.

This raises a question: Why do the GI.9 VLPs favor

Lewis b (type 1) over Lewis y (type 2)? Both antigens

are composed of the same components: SeFuc, LeFuc,

Gal, and GlcNAc, but the orientation of GlcNAc is

completely different between them (Fig. 4). The crystal

structures of the Lewis b-bound and Lewis x-bound P

dimers indicate that the hydroxyl group at C-1 of

GlcNAc is exposed to a solvent. Considering that the

LeFuc and Gal residues have almost the same place-

ment in the HBGA binding site in almost the same

manner in both complexes, SeFuc, LeFuc, and Gal of

Lewis y tetrasaccharide would be situated in a similar

way. In a study of the GI.8 strain [14], it was clearly

shown that Lewis b and Lewis y were captured in an

analogous fashion in the respective complexes,

(A)

(B)

Fig. 4. Details of HBGA binding to the P dimers. (A) The p–p stacking interaction formed between His337 and Trp395, and the residues

responsible for Gal binding. (B) The residues responsible for LeFuc and GlcNAc binding, and a possible salt-bridge between Arg403 and

Glu349 in the Lewis b complex. ‘C6’ indicates the C-6 methyl group of the LeFuc residue. The structures in (A) and (B) were viewed from

the opposite sides.
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although more hydrogen bonds were involved in the

binding of Lewis b than in the binding of Lewis y.

This might be the case for the GI.9 P dimers. In addi-

tion, the dissociation of Lewis y might be more rapid

than that of Lewis b in the GI.9 P dimers, considering

that our HBGA binding assay is an endpoint assay

that reflects the equilibrium between association and

dissociation, and that there are several washing steps

during a series of operations, which would allow a

portion of the VLPs to be released from immobilized

HBGAs.

In another case, we obtained seemingly contradic-

tory results that the Vancouver VLPs did not bind to

Lewis a trisaccharide-BSA conjugates (data not

shown), but that they did bind to the BSA conjugates

of lacto-N-fucopentaose II, which included the Lewis a

trisaccharide moiety in their terminals (Fig. 1C). This

observation suggests that, in some saccharide conju-

gates, terminal oligosaccharides do not project out-

ward to allow the binding of VLPs. The numbers of

saccharide components and/or the length of the linker

between saccharide and albumin might affect the bind-

ing property. Therefore, we cannot exclude the possi-

bility that the configuration or orientation of Lewis y

tetrasaccharide in the HSA conjugates used for the

binding assay is not always optimal to function as a

ligand for the GI.9 VLPs, although moderate Lewis y

binding was observed (Fig. 1B). Thus, the HBGA

binding assay may not have precisely revealed all of

the characteristics of VLPs; if so, this would be a nota-

ble limitation of this study.

Another question is why the GI.9 Vancouver strain

does not bind to the H antigen. The H antigen has the

SeFuc residue at the terminus as well as the Lewis b/y

antigens (Fig. 1C). As described above, the Vancouver

P dimer mainly recognizes Gal and LeFuc residues of

Lewis antigens via a number of hydrogen bonds, but the

interaction with SeFuc is rather poor. This indicates

that the presence of LeFuc is the major determinant for

selection of HBGAs by the GI.9 noroviruses. Thus, it is

likely insufficient to bind the H antigen having only the

SeFuc moiety. It is interesting that, in the GI.7 TCH-

060 strain, SeFuc of the Lewis y antigen is held by the

side chain of Arg351 on b5, which was fixed by the inter-

action with Asp353, as well as by a hydrophobic interac-

tion between Trp385 and the C-6 methyl of SeFuc [13].

Arg351 in the GI.7 strain also contributes to the binding

of the H antigen and the A antigen; the side chain of

Arg351 interacts with SeFuc in the H antigen complex,

and with the acetamide of the terminal GalNAc residue

in the A antigen complex [13]. In addition, Gln342 and

Asp344 on b5 in the GI.1 strain [10] and Ser352 in the

GI.2 strain [12] are involved in the interaction with

SeFuc of the H antigen. On the other hand, in the GI.9

Vancouver strain, there is no contribution of amino acid

residues on b5 for the interaction with SeFuc of the

Lewis b antigen; moreover, Trp395, which corresponds

to Trp385 of the GI.7 strain, supports the binding of

LeFuc, as described above. Also in the GI.8 Boxer,

another strain that binds eagerly to the Lewis antigens,

residues on b5 do not contribute to the binding of

HBGA [14].

Neither the GI.9 Vancouver VLPs nor the GI.8

Boxer VLPs [14,35] bind to the A and B antigens

(Fig. 1B). This might be because the SeFuc binding

site is degenerated in both VLPs, as described for GI.8

[14]. In the GI.1 [10], GI.2 [12] and GI.7 [13] strains,

the N-acetyl group of the terminal GalNAc residue of

the A antigen occupied the SeFuc binding site, and the

SeFuc residue of the A antigen was located on the

opposite side near the T-loop, which was distinct from

the case for the H antigen binding in the respective

strains. As shown in Fig. 2, the T-loops of the GI.1

[10] and GI.2 [12] strains are much longer than that of

the GI.9 Vancouver strain, and it might therefore be

possible that the T-loop adopts a bent and open con-

formation, creating a space sufficiently large to accept

the SeFuc residue of the A antigen. On the other

hand, the GI.9 and GI.8 [14] strains have the shortest

T-loops among the GI strains, and it may therefore be

unlikely that amino acid residues on the T-loop could

form the interaction with SeFuc of the A antigen.

Although there is some variation in the binding pro-

files, binding to Lewis antigens is likely a common

characteristic of the GI noroviruses [37], suggesting

that Lewis antigen(s) play a critical role in infection by

the GI noroviruses. Although the structural analyses

revealed that HBGA binding did not induce gross con-

formational change of the P domain [10–14], it is still

unknown whether this is the case for VLPs and infec-

tious virus particles. Therefore, we should not rule out

the possibility that HBGA is a principal receptor for

infection, since it actually affects the susceptibility to

some genotypes of noroviruses [23,24]. Investigating

this possibility should be a matter of priority for

understanding the first step of the norovirus life cycle.
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