described (21). Briefly, a truncated form of the GIL.10 P domain was
optimized for E. coli expression, cloned in a modified pMal-c2x vector at
the BamHI and Notl sites (New England BioLabs), and transformed into
E. coli BL21 cells (Invitrogen), and expression was induced with 1 mM
IPTG (isopropyl-B-p-thiogalactopyranoside) for 18 h at 22°C. After a
series of purifications and cleavage steps, the P domain was concentrated
to 2 mg/ml and stored in gel filtration buffer (0.35 M NaCl, 2.5 mM Tris
[pH 7.0], 0.02% NaN,) before crystallization. Crystals of the P domain
were obtained by the hanging-drop vapor diffusion method, with the
mother solution containing citric acid triammonium (0.66 M [pH 6.5])
and isopropanol (1.65% [vol/vol]).

Data collection, structure solution, and refinement. X-ray diffrac-
tion data at a 1.000-A wavelength were collected at the Southeast Regional
Collaborative Access Team (SER-CAT) beamline 22-BM at the Advanced
Photon Source, Argonne National Laboratory, Argonne, IL, and pro-
cessed with HKL2000 (41). Prior to data collection, crystals were trans-
ferred to a cryoprotectant solution consisting of the mother liquor in 30%
ethylene glycol, loop mounted, and flash-cooled in a nitrogen cryostat to
100°K. Structures were solved by molecular replacement with PHASER
(35) by using Protein Data Bank (PDB) code 20BR (11) as a search model.
Structures were refined in multiple rounds of manual model building in
COOT (16) and positional together with TLS refinement in REFMAC
(13) and PHENIX (1).

Structure analysis and figures. Citrate and H type 2 interactions were
determined using Discovery Studio (Accelrys, version v2.5.5.9350). Fig-
ures were rendered using PYMOL (Schroedinger, LLC, version 1.2r3) and
ChemDraw Ultra (Cambridgesoft, version 12.0.2.1076).

STD NMR. All NMR data were recorded at 298°K on a Bruker Avance
600 NMR spectrometer equipped with a cryogenically cooled z-shielded
gradient probe. One-dimensional (1D) STD NMR spectra were acquired
with selective irradiation at —1 and +40 ppm (on and off resonance,
respectively) using a train of 50-ms Gaussian-shaped radio frequency
pulses separated by 1-ms delays and an optimized power level of 57 db.
Water suppression was achieved with a binomial 3-9-19 pulse sequence.
Samples were prepared in 20 mM sodium phosphate buffer containing 50
mM sodium chloride at pH 6.8. The NMR data were processed and ana-
lyzed with Topspin 2.1. STD enhancements were expressed as the STD
amplification factor, Agpp, defined as Agrp, = (I — Iguq) I~ ([L)/[P)),
where L, and P are the total ligand and protein concentrations, respec-
tively (34). HBGAs, H type 2 disaccharide [a-L-fucose-(1-2)-B-D-
galactose], and H type 2 trisaccharide [a-L-fucose-(1-2)-B-p-galactose-
(1-4)-2-N-acetyl-B-p-glucosamine] were purchased from V-labs, and
L-fucose was purchased from Sigma-Aldrich. For the citrate experiments,
sodium citrate dihydrate (Sigma-Aldrich) was added to sodium phos-
phate buffer and then titrated at pH 6.85 * 0.1.

Computational citrate docking studies of other saccharide-binding
proteins. Citrate docking analyses were performed against six different
saccharide-binding proteins, including Anguilla anguilla agglutinin (PDB
identification no. 1K12) (5), Aleuria aurantia lectin (PDB identification
no. 11UC) (19), Streptococcus preurnoniae virulence factor SpGH98 (PDB
identification no. 2J1S) (7), Pseudomonas aeruginosa PA-IIL lectin (PDB
identification no. 2JDH) (33), parainfluenza virus 5 hemagglutinin-
neuraminidase (PDB identification no. 1Z4X) (56), and porcine adeno-
virus type 4 galectin domain (PDB identification no. 2WSV) (20). Water
molecules and ligands were removed from the PDB files, with the excep-
tion of one water molecule (HOH 935) in 124X, which is present in both
ligand-free and sialyllactose-bound hemagglutinin-neuraminidase struc-
tures. For 2JDH, the two calcium ions in the fucose binding site were kept,
and the partial charges for the calcium ions were assigned to 1.5 as sug-
gested by previous studies (38). AutoDock4.2 (39) was used as the docking
engine, with the grid files generated by Autogrid4.2 using default param-
eters and centered on the cocrystallized ligands. The citrate molecule was
docked to the three structures using default parameters (ga_pop_size =
150, ga_num_evals = 2,500,000, and ga_run = 50). For each structure,
the docking pose with the lowest estimated free energy of binding among
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the 50 docking runs was selected as the predicted binding pose. For com-
parison, for each complex, the cocrystallized ligand (or the terminal
monosaccharide having the largest contact area with the binding site, if
the cocrystallized ligand was not a monosaccharide) was docked in the
saccharide binding site using the same procedure. Fucose and citrate mol-
ecules were also docked to the fucose-bound GII.10 P domain (PDB iden-
tification no. 30NY) and the citrate-bound GII.10 P domain, respectively,
for comparison. The water molecule (HOH 135) mediating the interac-
tion between citrate and the protein was present during the citrate dock-
ing analysis.

Protein structure accession number. Atomic coordinate and struc-
ture factors for the citrate-bound GII.10 P domain have been deposited in
the Protein Data Bank under accession no. 3RY8.

RESULTS

X-ray crystal structure of citrate bound to the GII.10 P domain.
The GII.10 P domain protein could be expressed in E. coli to 2
mg/liter and was purified and prepared for crystallization as pre-
viously described (21). To obtain a GII.10 P domain-citrate com-
plex, we chose a crystallization condition that was similar to our
previously reported GII.10 P domain-HBGA complex conditions
(21), though with the addition of citrate. The GII.10 P domain-
citrate complex formed rectangular plate crystals, and X-ray dif-
fraction data revealed a space group of P2, the same as the previ-
ous GII.10 P domain-HBGA complexes (21), and strong
diffraction to 1.4 A. Structure solution by molecular replacement
revealed one dimer per asymmetrical unit (Fig. 1A), and refine-
ment led to an R e 0f 0.139 (R4 = 0.151), with well-defined
density for most of the P domain dimer (Table 1). Electron density
for residues 296 to 299 (chain A) and 296 to 300 and 344 to 351
(chain B) was poor, and these residues were not modeled. Extra
electron density was observed at the HBGA binding site, where a
single citrate molecule was clearly distinguished and refined (Fig.
1B; see Fig. S1 in the supplemental material). The structure of the
GII.10 P domain in complex with citrate was highly reminiscent of
the other known structures (GI.1, GII.4, and GII1.12), where the P1
subdomain contains a single a-helix and the P2 subdomain con-
tains six anti-parallel B-strands that form two anti-parallel
B-sheets (21).

Citrate was highly coordinated by the GI1.10 P domain. At a
1.4-A resolution, detailed interactions between citrate and the P
domain could be defined. Seven residues of the P domain, many of
which are conserved and located at the dimer interface, are in-
volved in hydrogen bonding interactions with citrate (Fig. 1B and
C). These include the side chain of Tyr452 and main chain of
Gly451 from one P domain subunit as well as side chains Arg356
and Asp385 and the main chain of Asn355 of a second P domain
subunit. Unique to citrate binding, side chains of Asn342 and
Ser387 make a water-mediated hydrogen bond with the C-5 CO
group of citrate. Superposition of citrate-bound and apo GIL.10 P
domain structures indicated that the citrate interaction did not
cause any conformation changes in the GII.10 P domain.

Comparisons of citrate and HBGA interaction with the
GIL.10 P domain. Compared with GII.10 P domains in complex
with HBGAs, we found that citrate essentially mimics the fucose
unit of HBGAs. By using H type 2 di- and trisaccharides as exam-
ples, superposition of the P domains revealed that three carbon
atoms, including C-2, C-3, and the C-3 carboxy carbon, and three
oxygen atoms, including the C-1 and C-3 carboxy oxygens and the
C-3 hydroxyl group of citrate closely overlapped with C-5/C-4/C-
3/0-5/0-4/0-3 of the terminal a-fucose ring (Fig. 2). In addition,
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FIG 1 Citrate binding to the GIL.10 P domain. (A) X-ray crystal structure of the
GIL10 P domain dimer (ribbon structure) and the bound citrate (green sticks).
Each P subdomain is colored differently: i.e., chain A, P1, blue; chain A, P2, light
blue; chain B, P1, violet; and chain B, P2, salmon. (B) Surface representation of the
GIL10 P domain (colored as in panel A) showing the residues (sticks) and water
molecules (red spheres) interacting with the citrate molecule (green sticks). The
2F,-F, density was contoured at 1.0 ¢. (C) Residues interacting with the citrate
molecule were contributed by both monomers (colored as in panel A), where the
black dotted lines represent the hydrogen bonds, the cyan dots near the citrate
represent the hydrophobic interactions with Ala354, and the red spheres represent
water molecules. For simplicity, only the backbone is shown for residues that were
backbone mediated. Hydrogen bond distances were less than 3.1 A, though the
majority were ~2.8 A.

a water molecule, present in the citrate-bound structure but ab-
sent from the HBGA-bound structures, occupied the site of the
C-2 hydroxyl of fucose (Fig. 2). In this configuration, the citrate
and associated water molecule formed a ring-like structure, mim-
icking the pyranoside ring of fucose. Finally, the comparisons
showed that of the seven residues involved in hydrogen bonding
interactions with citrate, five made almost identical interactions
with their comparable atoms in fucose.
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Characterization of binding of citrate, H type 2 trisaccharide,
and fucose to GII.10 P domain by STD NMR. Given the remark-
able similarities observed for citrate and fucose binding to the
GII.10 P domain by crystallography, we sought to characterize in
solution by NMR the binding of GIL10 P domain with citrate,
HBGAs, and fucose and ultimately to determine their relative
binding affinities and whether they bind competitively.

STD enhancements were observed for methylene protons H2A
and H2B of citrate, consistent with their close proximity to the
protein in the bound state (Fig. 3A). In the crystal structure, these
hydrogens are within van der Waals contact of the methyl of
Ala354 (Fig. 1C). With H type 2 trisaccharide, the most prominent
STD signals that could be assigned corresponded to H-1, H-2, and
H-4 of a-fucose; H-3 of galactose; and H-1, H-2, and N-acetyl of
glucosamine (Fig. 3B). We also characterized binding of mono-
saccharide a/B-fucopyranose, as it also would be used in compe-
tition STD NMR experiments. As seen in Fig. 3C, binding of both
anomers was observed, with H-1, H-2, and H-4 of a-fucose versus
H-2, H-4, and H-5 of B-fucose showing the strongest enhance-
ments. Although natural H type 2 HBGAs contain a-Fuc(1-2)Gal
and not B-Fug, it is interesting that the HBGA binding site of
norovirus can bind both. By NMR, we observed binding of & and
B forms of the monosaccharide (Fig. 3C) as well as synthetic H
type 2 trisaccharide a/B-Fuc(1-2)B-Gal(1-4)B-GlcN (Fig. 3B)
and H type 2 disaccharide a-Fuc(1-2)B-Gal(1-4) (data not
shown), and by crystallography, binding of synthetic H type 2

TABLE 1 Data collection and refinement statistics for structures of the
GII.10 Vietnam026 norovirus P domain?

Value(s) for citrate
(026_citrate; PDB
accession no.

Parameter 3RY8)?
Data collection
Space group P2,
Cell dimensions
a,b,c(A) 63.76, 79.81, 69.60
a B,y () 90, 96.84, 90
Resolution (A) 50-1.40 (1.45-1.40)
Ry 7.3 (30.5)
ol 18.7 (3.2)
Completeness (%) 99.9 (99.6)
Redundancy 3.7 (3.2)
Refinement
Resolution range (A) 31.98-1.399
No. of reflections 131,576

Ryorid/ Rree 0.1388/0.1506
No. of atoms:
Total 5,587
Protein 4,722
Ligand/ion 57
Water 808
B-factors
Protein 18.3
Ligand/ion 19.2
Water 30.2
RMSD
Bond length () 0.011
Bond angle (°) 1.393

« Each data set was collected from a single crystal.
® Values in parentheses are for the highest-resolution shell.
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trisaccharide B-Fuc(1-2)B-Gal(1-4)B-GlcN was observed, in ad-
dition to binding of other HBGAs containing the a-Fuc(1-2)B-
Gal linkage (21). Finally, it is interesting to note that a similar
mode of citrate binding was observed for the soluble GIL.12 P
domain (see Fig. S2 in the supplemental material).

Affinity of citrate, H type 2 tri- and disaccharides, and
L-fucose to the GI1.10 P domain. We used single-ligand titration
STD NMR experiments to determine the Kj, (equilibrium disso-
ciation constant) of citrate binding to the GIL.10 P domain (Fig.
4A) (2). STD amplification factors (Agrp) (34) were calculated by
integrating the signal at 8y 2.54 ppm in difference and corre-
sponding reference spectra. Initial growth rates (Agsrp) were ob-
tained by measuring the effect on Agpp, as a function of various
saturation time (f,,) and fitting the data to the equation Agrp =

sl T exp(—kt,,,)] for each concentration (300, 600, 900,
1,200, and 1,500 uM) of the ligand. The K, of citrate was in turn
measured as 460 + 80 uM by fitting Agsrp values as a function of
ligand concentration using the equation y = B_,./(Kp, + x), where
xis the ligand concentration and B, represents the plateau of the
curve (Fig. 4) (2,37). For H type 2 trisaccharide, the STD enhance-
ments for the N-acetyl signal were sufficiently strong to allow for
accurate integration, even at very short saturation times (0.1 s);
thus, a Kp, value of 390 = 70 uM could be determined directly by
fitting Agrp values as a function of ligand concentration (40) (Fig.
5). Kp, values for fucose and H type 2 disaccharides were in turn
obtained from single point competition STD experiments as de-
scribed previously (36) to give values of 460 * 10 and 420 * 40
1M, respectively (see Fig. S3 in the supplemental material).

Competition of HBGAs and citrate with the GI1.10 P domain.
To confirm the overlapping mode of binding observed in the crys-
tal structure of citrate and fucose of H type 2 ligands, Agpp values
of L-fucopyranose and H type 2 trisaccharide were monitored
while titrating citrate to the samples. As seen in Fig. 4E, addition of
citrate to a sample of P domain-H type 2 trisaccharide diminishes
the trisaccharide signals in a concentration-dependent manner,
indicating that citrate directly competes with the trisaccharide for
P domain binding, giving a K; of 600 = 20 uM. Upon addition of
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FIG 2 The HBGA and citrate binding site overlapped on the top of the GIL.10 P domain. (A) The citrate molecule (green sticks) bound at the HBGA binding site;
shown here are the bound H type 2 di- and trisaccharides (orange and cyan sticks, respectively). (B) Close-up of the black square in panel A, showing the H type
2 disaccharide [a-L-fucose(1-2)-B-D-galactose] and H type 2 trisaccharide [B-L-fucose(1-2)-B-D-galactose(1-4)-2-N-acetyl-B-D-glucosamine].

citrate, the pH of the solutions was found to remain constant (pH
7.2 * 0.1), indicating that the competition was a direct result of
citrate binding rather than pH. The same effect was observed in
STD competition experiments with L-fucose (data not shown).
Importantly, the reverse set of experiments showed that HBGAs
can compete with citrate for P domain binding (data not shown),
indicating that the P domain is unaffected by the presence of ci-
trate. Together, these results conclusively demonstrate molecular
mimicry between citrate and fucose of HBGAs.

DISCUSSION

Despite the discovery of human norovirus nearly 40 years ago
(27), little is known about the capsid interaction with ligands (18,
44) other than HBGAs (8, 11, 12, 15, 21, 45). Our finding that
citrate binds at the terminal fucose binding site was somewhat
unexpected, given that the structure of citrate is unlike the struc-
ture of fucose and considering that the GII.10 P domain could not
bind HBGAs having an a-fucosel-3/4 saccharide (21). In an ear-
lier enzyme immune assay study, Feng et al. screened ~5,000
compounds (the Diversity screening set; Timtec, Inc.) for their
ability to block GI and GII norovirus virus-like particles (VLPs)
from binding to saliva samples of known HBGA type (18). They
found 14 compounds that had strong inhibition; however, the
mode of action was not determined. In a more recent NMR study,
Rademacher et al. screened ~500 compounds (the Maybridge
Ro5 fragment library; Thermo Fisher Scientific, Inc.) for their
ability to bind to a GII.4 VLP HBGA binding site (44). They
showed that both univalent and multivalent compounds were ca-
pable of binding to the HBGA binding site. Interestingly, for both
studies, the compounds that showed the highest affinities in-
cluded compounds with at least one ring component. Taken to-
gether, these studies indicated that the HBGA binding site was
capable of binding numerous compounds other than HBGAs,
ranging from the small (smallest) citrate molecule to larger mul-
tivalent compounds.

For over a decade, the GI1.4 noroviruses have remained as the
dominant genotype of outbreaks of gastroenteritis around the
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FIG 3 STD NMR spectra for citrate, H type 2 trisaccharide, and L-fucose bound to the GIL.10 P domain. STD (lower) and reference (upper) spectra of (A) citrate
(1.2 mM), (B) H type 2 trisaccharide (1.2 mM), and (C) L-fucose (mixture of o and 3 anomers) (1.2 mM) in the presence of the GIL10 P domain (15 uM).
Nonoverlapping protons that exhibit STD enhancements are labeled and color coded by sugar residue, and signals for B-Fuc are red. One group of overlapping

signals appears in italics.

world and as such the most well studied. Most studies agreed that
a dominant GII.4 norovirus was replaced the following year or
next by a new GII.4 “variant” norovirus that had ~5% amino acid
change in the capsid gene (6, 9, 10, 30, 31, 47). The reason that the
GII.4 variants dominated and not some other genotype was un-
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known, but studies have shown specific mutations at or surround-
ing the HBGA binding site were capable of altering the HBGA
binding patterns (15, 30, 31, 52). These small changes were
thought to lead to new GII.4 variants capable of causing pandem-
ics, analogous to influenza A virus evolution (14, 29). Despite
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FIG 4 Binding affinity of citrate and HBGAs to GII.10 P domain by STD NMR. Data were used to obtain the K}, for citrate and H type 2 trisaccharide (Trisach)
binding to GI1.10 P by single-ligand titration STD NMR experiments (2). (A) Effect on STD enhancement (expressed as Agrp) (34,37) asa function of saturation
time (t,,,) and ligand concentration; (B) stacked plots of spectra for 1.5 mM citrate as a function of t,,, (y axis); (C) Langmuir binding curve used to obtain the
K, from the initial slope of Agrp, as a function of citrate concentration. (D) Stacked plot of various citrate concentrations (£, 2 5, 15 uM protein); (E)
competition STD spectra of H type 2 trisaccharide (top), citrate (middle), and 1:2 H type 2 trisaccharide-citrate (0.75:1.5 mM; bottom) used to calculate the K

of citrate (36).

these amino acid changes, few if any occurred at the fucose-
binding site, thus highlighting the common site of vulnerability
for GII noroviruses, especially for the pandemic GII.4 variant
noroviruses. It is not known if the GI noroviruses will bind
citrate given that the GI and GII P domain interactions with
HBGAs were different, but since GI.1 P domain interacted with
a-fucosel-2 and it was reported that the HBGA binding site

January 2012 Volume 86 Number 1

was conserved among GI noroviruses (12), we suspect that GI
noroviruses may also bind citrate, although further structural

studies are needed.

Our unexpected finding that citrate and fucose have similar

binding modes to the norovirus GII.10 P domain raises the
question of whether such citrate mimicry of monosaccharide
binding could be a general phenomenon or whether it is spe-
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FIG 5 Binding affinity of H type 2 trisaccharide to the GII.10 P domain (left) effect on STD enhancement, expressed as Asyp, as a function of trisaccharide
concentration in the presence of 15 uM GII.10 P domain. f,, = 0.1 s. Curve fitting (described in the text) provides the K, value. (Right) Stacked STD NMR
spectra showing the change in enhancement of the nonoverlapped N-acetyl proton signals as a function of increasing concentration of H type 2

trisaccharide (40).

cific to norovirus and other caliciviruses. To investigate this, we
performed in silico docking studies of citrate against four dif-
ferent fucose-binding proteins (Anguilla anguilla agglutinin,
Aleuria aurantia lectin, Streptococcus pneumoniae virulence
factor SpGH98, and Pseudomonas aeruginosa PA-IIL lectin)
and two other saccharide-binding proteins (parainfluenza vi-
rus 5 hemagglutinin-neuraminidase and porcine adenovirus
type 4 galectin domain), for which fucose or other saccharide-
bound crystal structures were available (see Table S1 in the
supplemental material). Computational docking analyses re-
veal different levels of citrate mimicry of monosaccharide
binding for other saccharide-binding proteins. For Anguilla
anguilla agglutinin, citrate, in its predicted binding pose, over-
lapped with the C-5, C-4, C-3, O-5, O-4, and O-3 atoms of
fucose in a similar way to what was observed in the GII.10 P
domain (Table S1), while forming hydrogen bonds with the
same sets of protein residues as fucose (see Fig. S4 in the sup-
plemental material). Citrate was thus predicted to show a high
degree of mimicry to fucose, similarly to our experimental
findings for the GII.10 P domain. For the other three fucose-
binding proteins, citrate, in its predicted binding poses, did not
overlap with the cocrystallized fucose, although it still formed
the same sets of polar interactions as the cocrystallized fucose
(see Fig. S5 to S7 in the supplemental material). Hence, our
docking studies suggest that the mimicry between citrate and
fucose binding observed for the GII.10 P domain could be a
common, although not universal, phenomenon across other
fucose-binding proteins. For all six fucose- and other
saccharide-bound proteins for which docking was performed,
the predicted citrate binding poses were able to form polar
interactions with the same sets of protein residues as the co-
crystallized ligand see (Fig. S4 to S9 in the supplemental mate-
rial), indicating that citrate might be generally useful as a scaf-
fold for designing glycomimetic inhibitors against these and
other saccharide-interacting pathogens. Furthermore, a search
of the ZINC database (4) revealed that there are more than
three thousand compounds with at least 50% similarity to ci-
trate. Thus, in silico screening of this database may present a
promising approach for identifying small molecules that bind
to saccharide-binding proteins. We note, however, that the
predicted binding pose of citrate docked to fucose-bound
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GIL.10 P domain had a root mean square deviation (RMSD) of
3.60 A, while the predicted binding pose of citrate docked to
citrate-bound GII.10 P domain with the cocrystallized water
molecule had an RMSD of 1.87 A. This indicates that the re-
sulting docking modes could be error prone. Given that calcu-
lating small molecule-receptor binding energies is a difficult
and error-prone task (24, 46), ultimately experimental valida-
tion would be necessary to confirm the generality of the citrate-
saccharide mimicry predicted here.

The STD NMR data provided strong evidence that the integrity
of the GIL.10 P domain remained unchanged in the presence of
different concentrations of citrate buffer and since the pH of the
citrate buffer remained more or less the same during the titration,
a specific effect of citrate was responsible for the reduction in
HBGA attachment. Although the K}, values of citrate and H type 2
trisaccharide for the GII.10 P domain are in the range of 360 to 490
uM, these relatively weak affinities are typical for univalent
protein-carbohydrate interactions (17, 28). Given that 90 copies
of dimeric P domains are present on norovirus capsid, it is plau-
sible that a multivalent version of citrate- or fucose-like ligands
would greatly enhance affinities and provide a starting point for
norovirus inhibitors. Indeed, Rademacher et al. show that multi-
valent fucose-like compounds have increased avidity over their
univalent counterparts (44).

In conclusion, we have described the structural basis by which
citrate binds to the HBGA binding site of the norovirus GIL10 P
domain and can in turn inhibit HBGA binding. Natural compounds,
such as juice from lemons and limes, which contain ~300 mM citric
acid (42), may already reduce or inhibit norovirus infections, as sug-
gested by a number of recent studies (23, 4850, 54). In regard to this,
it is tempting to speculate that a few drops of lemon juice with one’s
oysters might reduce norovirus infection. Epidemiological studies on
the ingestion of foods high in citrate and norovirus infection may be
illuminating, as may be correlations with related glycomimetics—
e.g., with ascorbic acid (vitamin C). Controlled possibly volunteer
studies should also provide an accurate assessment of norovirus in-
hibition. Additional compound screening will likely be required to
identify a universal norovirus inhibitor with high potency and broad
reactivity, and the structural basis for norovirus interaction with ci-
trate as revealed here may be helpful in such efforts.
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Abstract: We isolated a novel murine norovirus (MNV), MT30-2 strain, from feces of
conventional mice in Japan to evaluate the virucidal activity of four antiseptics. The MNV
MT30-2 strain was inactivated by as little as 0.2% (w/v) povidone-iodine (PVP-l) and 0.1%
(w/v) sodium hypochlorite (NaOCI) treatment as determined by a novel plaque assay.
Importantly, PVP-I reduced the MNYV titer by 4 log,, within 15 s of exposure. The other two
antiseptics, benzethonium chloride (BEC) and chlorhexidine gluconate (CHG), did not reduce
the MNYV titer even when treatment lasted for 60 s. When the virus titer was reduced by PVP-|
or NaOCI treatment, the amount of MNV RNA was not reduced, indicating that the presence
of viral RNA was not related to the virucidal activity of the antiseptics. PVP-1 and NaOCI will
be useful in controlling the spread of MNV, which is a common problem in mice colonies. In
this study, we isolated a novel MNV and newly revealed that two antiseptics (PVP-l and NaOCI)

were able to inactivate MNV at low concentrations and in a short contact time.
Key words: antiseptics, murine norovirus, plaque assay, quantitative RT-PCR

Introduction

Noroviruses belong to a group of single-stranded
RNA, nonenveloped viruses in the Caliciviridae family
that are widely transmitted among humans or animals.
At present, five major genogroups (GI-GV) of norovi-
ruses have been designated, with GI, GII, and GIV in-
fecting humans, GIII infecting bovines, and GV infecting
murines [17]. Murine norovirus (MNV), prototype
MNV-1, was first identified in 2003 in immunocompro-
mised mice lacking recombination-activating gene 2

(RAG?2), signal transducer, and activator of transcription
1 (STAT1) (RAG2/STAT17") [9]. Human norovirus
(HuNoV) cannot grow in cell culture [5]. On the other
hand, MNV is the only norovirus capable of replicating
in both cell culture and small animals [17, 18]. Infection
of MNV in a normal mouse shows no visible signs, but
MNYV can induce a clinical disease with a high mortal-
ity in congenitally immunodeficient mice [13]. The
major infection route of MNV is a fecal-oral route, and
shedding of MNV continues for at least eight weeks post
infection [6-8]. Accordingly, MNV is one of the most
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transmittable and prevalent pathogens in laboratory mice
today [6, 8, 12], making the prevention of the spread of
MNYV an important issue.

In a previous study using the MNV CW1 strain [18],
the antiseptic effect of ethanol (EtOH) against MNV was
examined [1], and 60% (v/v) EtOH was shown to reduce
the MNYV infectious titer by 4 log,, within 30 s of expo-
sure; however, 30% (v/v) EtOH did not reduce the titer.
Moreover, 1% (w/v) povidone-iodine (PVP-I) and 0.26%
(w/v) sodium hypochlorite (NaOCl) have been shown
to inactivate the MNV CW1 strain, although the effica-
cies of these antiseptics against other MNYV strains are
unknown.

In this study, to clarify the virucidal activity of anti-
septics against another MN'V strain, we isolated a novel
MNYV, strain MT30-2, from conventional mice in Japan.
Using the MT30-2 strain, the virucidal activity of PVP-
I was examined. PVP-I has been used as an external
treatment for humans and has a broad spectrum of viru-
cidal activity against enveloped and nonenveloped DNA
and RNA viruses [10]. We compared the virucidal activ-
ity of PVP-I with those of NaOC]l, benzethonium chlo-
ride (BEC), and chlorhexidine gluconate (CHG) using
plaque assays. Furthermore, we quantified MNV MT30-
2 RNA copies by quantitative reverse transcription poly-
merase chain reaction (RT-PCR) and compared the re-
sults with virus titers determined in the plaque assay.

Materials and Methods

Mice

Six-week-old male conventional ICR mice were pur-
chased from a conventional Japanese mouse breeder
(Chiba, Japan). The mice were kept in a temperature-and
light-controlled environment with standard food and
water given ad libitum. All experiments were approved
by the Animal Care and Use Committee of Meiji Seika
Pharma Pharmaceutical Research Center.

Cells and virus infection

RAW264.7 cells, a mouse macrophage cell line, were
purchased from DS-Pharma (Osaka, Japan) and cultured
in high-glucose Dulbecco’s modified Eagle medium +
GlutaMAX™ -1 (DMEM,; Invitrogen, Carlsbad, CA,
USA) supplemented with 25 mM HEPES and 10% fetal
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bovine serum (FBS) at 37°C in 5% CO,. MNV was
inoculated onto a monolayer of RAW264.7 cells, and
cultured in DMEM supplemented with 25 mM HEPES
and 2% FBS (DMEM-2% FBS) at 37°C in 5% CO,.
Three to 5 days later, the cultured medium was centri-
fuged at 15,000 g for 5 min at 4°C, and the supernatant
was used as the virus stock.

Isolation of MNV

Two stool samples per mouse were collected, homog-
enized in PBS, and then centrifuged at 15,000 g for 15
min at room temperature. The supernatant was passed
through a 0.22-pm-pore-size filter, diluted in DMEM-2%
FBS, and used to inoculate RAW264.7 cells. Four days
later, the culture medium and RAW264.7 cells were
frozen at —80°C. After thawing, the culture medium and
cells were centrifuged at 8,000 g for 5 min at 4°C, and
the supernatant was used for further passage. A total of
nine passages followed by two successive plaque puri-
fications were performed. Plaque assays were performed
as previously described [18] with RAW264.7 cells.

MNYV inactivation experiment

Different antiseptics were used to inactivate the MNV.
PVP-I (ISODINE solution 10%) was obtained from
Meiji Seika Pharma (Tokyo, Japan). NaOCl (Purelox-S)
BEC
(Hyamine solution 10%) was purchased from Daiichi
Sankyo (Tokyo, Japan). CHG (Hibitane gluconate 20%)
was purchased from Dainippon Sumitomo Pharma
(Osaka, Japan). Inactivation was induced by adding 100
ul of the diluted antiseptic [0.4 or 2% (w/v) PVP-1,0.2
or 0.4% (w/v) NaOCl,0.2% (w/v) BEC, 1% (w/v) CHG]
to 100 ul of virus stock solution. The final volume of

was purchased from Oyalox (Tokyo, Japan).

200 ul reaction mixture was incubated for 15, 30, 45 or
60 s at room temperature prior to neutralization. Neu-
tralization control samples were used as 0-s incubation
samples. To stop the effect of PVP-I, 2 ul of 1 M so-
dium thiosulfate was added to the reaction mixture. To
stop the effect of NaOCl, 10 pl of 1 M sodium thiosulfate
was added to the reaction mixture, followed by 10 1 of
1 M HEPES (pH 7.4). The neutralized solutions obtained
from the above treatment were then 10-fold diluted with
DMEM-2% FBS. For the neutralization control, PVP-I
and NaOCl were first neutralized with sodium thiosulfate
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and diluted with DMEM-2% FBS before being added to
the virus stock. To stop the effect of BEC and CHG, the
reaction mixtures were 100-fold diluted with DMEM-2%
FBS. The neutralization controls for BEC and CHG
were prepared by diluting the virus stock with DMEM-
2% FBS without adding antiseptics. The virus titer and
copy numbers of MNV RNA in the reaction mixture were
measured by plaque assays and quantitative RT-PCR,
respectively.

RT-PCR

Viral RNA was extracted from the fecal suspension or
supernatant using QIAamp Viral RNA Mini Kits (QIA-
GEN, Valencia, CA, USA) according to the manufac-
turer’s instructions. An RT-PCR primer pair (forward,
5"-TTTGGAACAATGGATGCTGA-3’; reverse,
5’-TAGGGTGGTACAAGGGCAAC-3’) was designed
against the conserved capsid sequences of MNV-1 (Gen-
Bank accession No. AY228235), MNV-2 (DQ23041),
MNV-3 (DQ223042), and MNV-4 (DQ223043). RT-
PCR was performed as previously described [7].

Quantitative RT-PCR

Viral RNA was prepared from the reaction mixture
using QIAamp Viral RNA Mini Kits. A forward primer
(5’-CAGATCACATGCTTCCCACAT-3"), reverse prim-
er (5°-CCAGAGACCACAAAAGACTCATCA-3’) and
probe (5’FAM -CCCATTCAACTCCCTCTTCTTGA-
3’TAMRA) were designed against the conserved se-
quences of MNV. Quantitative RT-PCR was performed
using an EZ RT-PCR Kit (Applied Biosystems, Foster
City, CA, USA) and ABI Prism 7700 Sequence Detection
System (Applied Biosystems). The following RT-PCR
parameters were used: 50°C for 2 min, 60°C for 30 min,
95°C for 5 min, and then 50 cycles of denaturation (94°C,
15 s), annealing (60°C, 30 s), and extension (72°C, 30
s). The standard curve was generated with serial dilu-
tions of MNV-1 RNA encoding the capsid region syn-
thesized by an AmpliScribe T7 Transcription Kit (Epi-
centre, Madison, WI, USA).

Sequence analysis of viral RNA

Viral RNA was purified from MNV-infected RAW
cells with a Purelink Viral RNA/DNA Kit (Invitrogen),
and cDNA was synthesized using SuperScript IIl reverse

109

37

transcriptase (Invitrogen) and an oligo (dT) primer.
Genome-specific sequences were amplified with an Ex-
pand Long kit (Roche Applied Science, Indianapolis, IN,
USA), and PCR products were sequenced directly with
a Taq DyeDeoxy Terminator cycle sequencing kit (Ap-
plied Biosystems) on an ABI 3730XL DNA analyzer
using MNV 1-specific primers. When these primers
failed, additional sequence-specific primers were de-
signed and used for sequencing. The termini of the MNV
genomes were obtained using GeneRacer (Invitrogen),
and sequencing was carried out with sequence-specific
primers. The nucleotide and protein sequences of ORF1,
ORF2, or ORF3 were aligned using BioEdit (http://www.
mbio.ncsu.edu/BioEdit/bioedit.html) and employed for
subsequent phylogenetic analyses. A phylogenetic tree
with 1,000 bootstrap replications was constructed by the
neighbor-joining method. The distance of nucleotide
substitutions per site was calculated by Kimura’s two-
parameter method and was visualized using the NJplot
software (http://pbil.univ-lyonl fr/software/njplot.html).
Nucleotide and amino acid sequences were analyzed
with GENETYX-MAC version 12.2.6 (Genetyx, Tokyo,
Japan).

Nucleotide sequence accession number

The MNV nucleotide sequence determined in this
study was deposited in DDBJ under the accession num-
ber AB601769.

Results

Isolation and genetic characterization of a novel MNV

To identify MNV-infected mice, fecal samples were
collected from eight mice, and RT-PCR was performed
using a novel set of primers designed from conserved
sites on MNV genomes. The MNV gene was detected
in all eight samples (Fig. 1A). A plaque became visible
after nine passages with RAW264.7 cells (Fig. 1B). Af-
ter two rounds of plaque purification, MNV was isolated
as a single plaque and designated as MNV MT30-2. The
complete nucleotide sequence was determined, and ho-
mology searches with other MNV strains showed the
MNV MT30-2 strain to be genetically similar to MNV
CR3/2005/USA [15] (Fig. 2).
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Fig. 1. Detection of MNV gene and MNYV plaques. (A) Agarose gel electrophoresis of
MNV-specific RT-PCR products (421 bp). (B) Plaques of RAW264.7 cell-adapted

MNV.

Table 1. Virucidal effect of PVP-I and NaOClI compared by real-time RT-PCR

and plaque assay

Disinfectant Treatment time RNA copy no. Plaque no.
(s) (log copy no./ml) (log PFU/ml)
1% (w/v) PVP-1 0 6.69 6.38
60 6.65 <20
0.2% (w/v) NaOCl 0 6.66 6.13
60 6.30 3.13

Gl
HuNoV Norwalk (M87661)

Glit
GV

Gll

BoNoV Jena (AJ011099)

HuNoV Alphatron (AF195847)
HuNoV Hawaii (U07611)

HuNoV Bristol (X76716)
MNV3 (DQ223042)
MNV CR7 (EUC04677)

GV MNV CR1 (EU004672)

F

4
{

Fig. 2. Phylogenic tree of the Noroviruses. The phylogenic tree
was generated using the neighbor-joining method on the
basis of an alignment of the entire amino acid sequence
of the capsid genes. Numbers in parentheses indicate
GenBank accession Nos.

MNV CR17 (EU004682)
MNV-1 (AY228235)

MNV CW1 (DQ285629)
MNV S7-P2 (AB435514)
MNV §7-PP3 (AB435515)

0.1

MNV CR3 (EU004673)
MNV MT30-2 (AB601769 )

Virucidal activity of antiseptics against MNV
To determine the efficacy of different antiseptics (PVP-
I, NaOCl, BEC, and CHG) against the MT30-2 strain,
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we determined the virus titer using a plaque assay after
each antiseptic was added to the virus. Both 0.2 and 1%
(w/v) PVP-I reduced the titer by 4 log,, within 15 s (Fig.
3A). Both 0.1 and 0.2% (w/v) NaOCl reduced the titer
by 1.6 and 3 log,, in 60 s, respectively (Fig. 3B). In
contrast, 0.1% (w/v) BEC and 0.5% (w/v) CHG resulted
in only a slight reduction in the titer after 60 s of treatment
(Fig. 3C). These results indicated that PVP-1 and NaOCl
efficiently and rapidly inactivated MNV, whereas both
BEC and CHG were ineffective against MNV.

Relationship between plaque assay and quantitative RT-
PCR

The effectiveness of antiseptics against a noncultivat-
able virus is often measured by quantitative RT-PCR.
Thus, we quantified MNV MT30-2 RNA copies in
samples treated for 60 s with 1% (w/v) PVP-I or 0.2%
(w/v) NaOCl] and compared the values with the virus
titers. We found the number of MNV MT30-2 RNA
copies was only slightly reduced when the virus titer was
greatly reduced (Table 1), i.e., the quantitative RT-PCR
results did not necessarily reflect the plaque assay results.
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Fig. 3. Virucidal activity of antiseptics against MNV. Each point
represents the geometric mean titer (log PFU/ml) of two
samples. (A) Effect of PVP-I. Solid squares and solid
diamonds indicate the 1% (w/v) and 0.2% (w/v) PVP-I-
treated groups, respectively. (B) Effect of NaOCI. Open
squares and open diamonds indicate the 0.2% (w/v) and
0.1% (w/v) NaOCl-treated groups, respectively. (C) Effect
of BEC and CHG. Open circles and open triangles indicate
the 0.1% (w/v) BEC and 0.5% (w/v) CHG-treated groups,
respectively.
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These results coincided with those in a previous report
using MNV CW1 [1].

Discussion

In the present study, we described the isolation of a
novel MNV, strain MT30-2. Sequence analysis showed
that MT30-2 was genetically similar to MNV CR3/2005/
USA (Fig. 2). Using the MT30-2 strain, we showed that
two antiseptics (PVP-I and NaOCl) were able to inacti-
vate the virus at low concentrations and in a short contact
time (Fig. 3A and 3B). The other two antiseptics, BEC
and CHG, which showed virucidal activity against sev-
eral human viruses [10], appeared to be ineffective
against MNV (Fig. 3C). PVP-I and NaOCl also showed
strong virucidal activity against MNV CW1 [1], a ge-
netically separated strain from our work (Fig. 2), sug-
gesting that these two antiseptics potentially possess
virucidal activity against various MNV strains. EtOH
also reduced the MNV infectious titer [1]. However,
previous reports demonstrated that EtOH did not show
virucidal activity over a short time frame against Feline
calicivirus (FCV), another antiseptics-resistant virus
that, like MNV, belongs to the Caliciviridae family [4,
11]. On the other hand, PVP-I and NaOCI are effective
for FCV [3,4, 11, 16]. Accordingly, PVP-I and NaOCl
might be effective against not only other MNV strains
but also other related noroviruses including HuNoV.

Since the infectivity of HuNoV is very strong, only a
few viral particles induce acute gastroenteritis [2, 14].
Because it is thought that MNV also has strong infectiv-
ity the virus needs to be inactivated as completely pos-
sible to prevent the spread of MNV. PVP-I, which
showed strong virucidal activity in a short time frame
against MNV, would be useful for preventing MNV
transmissions by human hand washing in laboratories.

In this study, we found that the results of quantitative
RT-PCR were not consistent with those of the virucidal
assay (Table 1), and the detection of viral RNA was not
necessarily related to the virus titers, demonstrating the
importance of conducting infectivity assays when eval-
uating the efficacy of antiseptics. The efficacy of anti-
septics may be underestimated if quantitative RT-PCR
is used for evaluation, as reported in a previous paper
[1]. Thus, interpretation of the results of quantitative
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RT-PCR needs further consideration.

In conclusion, our data demonstrate that a novel MNV

isolate, MT30-2, is a useful tool to evaluate the effective-

ne.

ss of antiseptics and that PVP-I as well as NaOCl is

the most effective antiseptics for disinfection and infec-
tion control of MNV.
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Norovirus GI1/4 is a leading cause of acute viral gastroenteritis in humans. We examined here how the GII/4
virus evolves to generate and sustain new epidemics in humans, using 199 near-full-length GII/4 genome
sequences and 11 genome segment clones from human stool specimens collected at 19 sites in Japan between
May 2006 and February 2009. Phylogenetic studies demonstrated outbreaks of 7 monophyletic GII/4 subtypes,
among which a single subtype, termed 2006b, had continually predominated. Phylogenetic-tree, bootscanning-
plot, and informative-site analyses revealed that 4 of the 7 GII/4 subtypes were mosaics of recently prevalent
GII/4 subtypes and 1 was made up of the GII/4 and GII/12 genotypes. Notably, single putative recombination
breakpoints with the highest statistical significance were constantly located around the border of open reading
frame 1 (ORF1) and ORF2 (P =< 0.000001), suggesting outgrowth of specific recombinant viruses in the
outbreaks. The GII/4 subtypes had many unique amino acids at the time of their outbreaks, especially in
the N-term, 3A-like, and capsid proteins. Unique amino acids in the capsids were preferentially positioned on
the outer surface loops of the protruding P2 domain and more abundant in the dominant subtypes. These
findings suggest that intersubtype genome recombination at the ORF1/2 boundary region is a common
mechanism that realizes independent and concurrent changes on the virion surface and in viral replication

proteins for the persistence of norovirus GII/4 in human populations.

Norovirus (NoV) is a nonenveloped RNA virus that belongs
to the family Caliciviridae and can cause acute gastroenteritis
in humans. The NoV genome is a single-stranded, positive-
sense, polyadenylated RNA that encodes three open reading
frames, ORF1, ORF2, and ORF3 (68). ORF1 encodes a long
polypeptide (~200 kDa) that is cleaved in the cells by the viral
proteinase (3CP™) into six proteins (4). These proteins func-
tion in NoV replication in host cells (19). ORF2 encodes a viral
capsid protein, VP1. The capsid gene evolved at a rate of 4.3 X
1072 nucleotide substitutions/site/year (7), which is compara-
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ble to the substitution rates of the envelope and capsid genes
of human immunodeficiency virus (30). The capsid protein of
NoV consists of a shell (S) and two protruding (P) domains: P1
and P2 (47). The S domain is relatively conserved within the
same genetic lineages of NoVs (38) and is responsible for the
assembly of VP1 (6). The P1 subdomain is also relatively con-
served (38) and has a role in enhancing the stability of virus
particles (6). The P2 domain is positioned at the most exposed
surface of the virus particle (47) and forms binding clefts for
putative infection receptors, such as human histo-blood group
antigens (HBGA) (8, 13, 14, 60). The P2 domain also contains
epitopes for neutralizing antibodies (27, 33) and is consistently
highly variable even within the same genetic lineage of NoVs
(38). ORF3 encodes a VP2 protein that is suggested to be a
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minor structural component of virus particles (18) and to be
responsible for the expression and stabilization of VP1 (5).

Thus far, the NoVs found in nature are classified into five
genogroups (GI to GV) and multiple genotypes on the basis of
the phylogeny of capsid sequences (71). Among them, geno-
group II genotype 4 (GII/4), which was present in humans in
the mid-1970s (7), is now the leading cause of NoV-associated
acute gastroenteritis in humans (54). The GII/4 is further sub-
classifiable into phylogenetically distinct subtypes (32, 38, 53).
Notably, the emergence and spread of a new GII/4 subtype
with multiple amino acid substitutions on the capsid surface
are often associated with greater magnitudes of NoV epidem-
ics (53, 54). In 2006 and 2007, a G11/4 subtype, termed 2006b,
prevailed globally over preexisting GII/4 subtypes in associa-
tion with increased numbers of nonbacterial acute gastroen-
teritis cases in many countries, including Japan (32, 38, 53).
The 2006b subtype has multiple unique amino acid substitu-
tions that occur most preferentially in the protruding subdo-
main of the capsid, the P2 subdomain (32, 38, 53). Together
with information on human population immunity against NoV
GI1I/4 subtypes (12, 32), it has been postulated that the accu-
mulation of P2 mutations gives rise to antigenic drift and
plays a key role in new epidemics of NoV GII/4 in humans
(32, 38, 53).

Genetic recombination is common in RNA viruses (67). In
NoV, recombination was first suggested by the phylogenetic
analysis of an NoV genome segment clone: a discordant
branching order was noted with the trees of the 3DP°! and
capsid coding regions (21). Subsequently, many studies have
reported the phylogenetic discordance using sequences from
various epidemic sites in different study periods (1, 10, 11, 16,
17, 22, 25, 40, 41, 44-46, 49, 51, 57, 63, 64, 66). These results
suggest that genome recombination frequently occurs among
distinct lineages of NoV variants in vivo. However, the studies
were done primarily with direct sequencing data of the short
genome portion, and information on the cloned genome seg-
ment or full-length genome sequences is very limited (21, 25).
Therefore, we lack an overview of the structural and temporal
dynamics of viral genomes during NoV' epidemics, and it re-
mains unclear whether NoV mosaicism plays a role in these
events.

To clarify these issues, we collected 199 near-full-length
genome sequences of GII/4 from NoV outbreaks over three
recent years in Japan, divided them into monophyletic sub-
types, analyzed the temporal and geographical distribution of
the subtypes, collected phylogenetic evidence for the viral ge-
nome mosaicism of the subtypes, identified putative recombi-
nation breakpoints in the genomes, and isolated mosaic ge-
nome segments from the stool specimens. We also performed
computer-assisted sequence and structural analyses with the
identified subtypes to address the relationship between the
numbers of P2 domain mutations at the times of the out-
breaks and the magnitudes of the epidemics. The obtained
data suggest that intersubtype genome recombination at the
ORF1/2 boundary region is common in the new GII/4 out-
breaks and promotes the effective acquisition of mutation
sets of heterogeneous capsid surface and viral replication
proteins.
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MATERIALS AND METHODS

Stool specimens. The Norovirus Surveillance Group of Japan collected stool
specimens from NoV-GII- or GII/4-positive individuals with acute gastroenteritis
(n = 247). Most of the specimens were from NoV outbreaks around the collec-
tion sites. The group collected the specimens in spring, summer, autumn, and
winter for 3 years: the 2006/2007 season (May 2006 to January 2007), 2007/2008
season {(March 2007 to February 2008), and 2008/2009 season (May 2008 to
February 2009). The collection sites were located at 20 different regional public
health institutes in Japan (five samples from each institute per year). The geno-
group of NoVs was evaluated by real-time reverse transcription-PCR (RT-PCR)
(23). In some cases, the genotype of NoVs was evaluated by sequencing of the
reverse transcription-PCR products of the ORF1 and ORF2 bordering region
(29). Near-full-length genome sequences were obtained with 199 of the 247
specimens. Epidemiological information on 37 of the 199 samples from the
2006/2007 season was described previously (38). Information on the rest (n =
162) is described in Tables S1 and S2 in the supplemental material. Briefly, the
162 specimens were from outbreaks (n = 90), sporadic infection cases (n = 15),
and undescribed cases (r = 57) during December 2006 to February 2009 in
Japan. The major sites of the incidences were a nursing care center (n = 19),
restaurant (n = 17), kindergarten (n = 15), hotel (n = 8), hospital (n = 7), sports
event (n = 1), self-defense force (n = 1), family home (n = 1), elementary school
(n = 1), and bank (n = 1), and one was undescribed (n = 91). The viral RNA
copy numbers in the specimens ranged from 5.0 X 10* to 1.9 X 10" copies/g
stool (average, 6.1 X 10° copies/g stool) as judged by the real-time quantitative
reverse transcription-PCR assay (23). All stool specimens were stored at —80°C
until use.

Viral genome sequencing. NoV GII/4 genome sequencing was done as de-
scribed previously (38). Briefly, two overlapping fragments (approximately 5.2
and 2.5 kb) were amplified by RT-PCR from stool specimens. The PCR products
were purified and used as a template for sequencing in a 96-well scale using an
ABI 3730 xI DNA analyzer (Applied Biosystems, Foster City, CA). The se-
quences of 5.2-kb and 2.5-kb segments from the same individual were used to
reconstruct near-full-length genome sequences (about 7.5 kb) by alignment at an
overlapping region using the Staden Package (http:/staden.sourceforge.net).
The 5.2-kb fragment covers the complete ORF1 and the 5" end of ORF2. The
2.5-kb fragment covers the 3’ end of ORF1, complete ORF2 and ORF3, and
3'-end noncoding region of the genome. The primers used for reverse transcrip-
tion and nested PCR for the 5.2-kb fragment were GII4-1F/GII4r5412 (outer
primer pair) and GII4-2F/GII4r5295 (inner primer pair) (38). Those for the
2.5-kb fragment were COG-2F/Tx30SXN (outer primer pair) and G2SKF/
Tx30SXN (inner primer pair) (38). The initial 22 nucleotides at the 5" ends of the
reconstructed genomes were from PCR primers. The final 45 nucleotides at the
3" ends of the genome were excluded from analysis because of the low levels of
sequence accuracy. We obtained 199 near-full-length genome sequences from
247 GlI-positive specimens. The 199 sequences included 37 GII/4 sequences
previously reported between May 2006 and January 2007 (38) and 162 sequences
newly obtained between December 2006 and February 2009.

Molecular cl g and seq ing of g segments. The 5.2-kb, 1.0-kb,
and 2.8-kb genome segments were amplified by RT-PCR products as described
above and cloned into pPCR-XL-TOPO vectors (Invitrogen, Carlsbad, CA).
Each of the segments covers a junction of putative recombination breakpoints
around the 5’ end of ORF2: the 5.2-kb segment contains the near-full-length
ORF1 and 5'-end portion of ORF2, the 2.8-kb segment contains the 3’-end
portion of ORF1, complete ORF2, and complete ORF3, and the 1.0 kb segment
contains the 3'-end portion of ORF1 and 5'-end portion of ORF2. The primers
used for the nested PCR of the 5.2-kb segment were the same ones described
above: GII4-1F/GIIr5412 (outer primer pair) and GII4-2F/GIIr5295 (inner
primer pair) (38). The primers used for the nested PCR of the 2.8-kb fragment
were GII4£4117 (5'-CTGACAAAATTTATGGTAAGATCAAGAAGAGG-3')/
Tx30 SXN (outer primer pair) and GII4f4762 (5'-GACCCAGCTGGTTGGTT
TGGAAAA-3")/GI1417516 (5'-ATAGTTTAGCGGCCGCATTCTTATCACA
TTACACCCGTGACTCCCCTCG-3') (inner primer pair). The primers used for
the nested PCR of the 1.0-kb fragment were GII14f4117/GI14r5412 (outer primer
pair) and GII4f4223 (5'-GGTATGAATATGAATGAGGATG-3')/GI14r5295
(inner primer pair). The single clones of the 5.2-kb, 2.8-kb, and 1.0-kb genome
segments of the GII/4 subtypes were randomly chosen and sequenced in 96-well
plates using an ABI 3730 xI DNA analyzer as described above.

Phylogenetic analysis. Phylogenetic trees were constructed using the neighbor-
joining method and maximum-likelihood method. Briefly, the near-full-length
genome sequences from this study were aligned with the available GI1/4 genome
sequences from past NoV epidemics occurring over the past 3 decades, using
CLUSTAL W software included in the MEGA software package, version 4.0
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(58) (http://evolgen.biol.metro-u.acjp/MEGA/) and the MAFFT multiple se-
quence alignment software program, version 6.0 (26) (http://align.bmr.kyushu-u
.ac.jp/mafft/software/). The neighbor-joining trees were constructed with the
nucleotide substitution values estimated with the maximum composite likelihood
model (59) using MEGA. The maximum-likelihood trees were inferred on the
basis of the general time reversible models (31) using the PHYML software
program included in the RDP3 software package (35) (http://darwin.uvigo.es/rdp
/rdp.html). The reliability of interior branches in the phylogenetic tree was assessed
by the bootstrap method with 1,000 resamplings. The GII/4 genome reference
sequences were from samples taken before 1990 (<1990) (6 sequences, CHDC591-
1974, CHDC2490-1974, CHDC4871-1977, CHDC4108-1987, Lordsdale, MD145-
12/US/1987, and CHDC3967-1988), before 2000 (<2000) (2 sequences, and
Dresden174/US/1997), in 2002/2003 (6 sequences, Famington Hill, B2S16/2002/UK,
B5522/2002/UK, Langen1061/2002/DE, YURI32073/2002/JPN, and MD-2004/2004/
US), and in 2004/2005 (4 sequences, Guangzhou/NVgz01/CHN/2006, Chiba/04-
1050/2005/JP, Sakai/04-179/2005/JP, and Ehime/05-30/2005/JP). Accession
numbers for the reference genome sequences are given elsewhere (7, 38).

We initially constructed the phylogenetic trees with 199 genome sequences
from the Japanese variants from 2006 to 2009 and 6 representative sequences of
GII genotypes whose complete genome sequences were available in GenBank in
October 2009 (GII/1, GII/3, GII/4, GII/6, GII/10, and GII/12; accession no.
U07611, AB067542, X86557, AB039776, AY237415, and AB039775, respec-
tively). The trees showed that the 199 genome sequences reproducibly grouped
with the GII/4 reference sequences outside other GII references. The GII/4
cluster was positioned most closely to the GII/12 reference (Saitama U1/JP).
Therefore, we used G11/12 as an outgroup in the present study for a better grasp
of the relationship of the phylogeny among the Japanese GII/4 variant subgroups
and between GII/4 and GII/12 variants.

Bootscanning-plot analysis. Bootscanning-plot analysis was performed as de-
scribed previously (69). Briefly, each query sequence was aligned with three NoV
reference sequences using CLUSTAL W software, version 1.4 (62). The boot-
strap values were plotted for a window of 300 bp, moving in increments of 10 bp
along the alignment using the software program Simplot (48) (version 3.5.1;
http://sray.med.som.jhmi.edu/SCRoftware/simplot/). Thus far, 19 genotypes of
the NoV GII variants have been reported on the basis of complete capsid
sequences (65, 71). Among them, only 7 genotypes have been fully sequenced at
the genome level (GII/1, GII/3, GIl/4, GII/6, GII/8, GII/10, and GII/12; acces-
sion numbers U07611, AB067542, X86557, AB039776, AB067543, AY237415,
and AB039775, respectively). To search for sequences that are phylogenetically
relevant to the query sequences, we constructed phylogenetic trees of the com-
plete ORF1, ORF2, and ORF3 sequences using all available representatives of
the 19 genotypes in the GenBank database. We also used the automated explor-
atory analysis tool included in the RDP3 software package (35). The genome
sequence set used for the analysis consisted of 7 query sequences (2004/05,
2006a, 2006b, 2007a, 2007b, 2008a, and 2008b), all available GII genotype rep-
resentatives, and all available GII/4 variant subgroups which caused epidemics
over the past 34 years (7, 31). Two putative parent sequences with the best
confidence values and a single distantly related sequence were used for the
bootscanning plots with MEGA. The confidence values of the recombination
events were also assessed with tools included in the RDP3 software package,
such as RDP, GENECONYV, Maxchi, Chimera, 3seq, and Siscan. The query
sequences used in this study were Sakai2/2006/JP for the 2004/05 subtype
(accession no. AB447448) and representative genomes of the 2007a (Osakal/
2007/JP), 2007b (Iwate5/2007/IP), 2008a (Hokkaido5/2008/JP), and 2008b
(Hokkaido4/2008/JP) subtypes obtained in this study. The reference se-
quences were Saitama_U1/JP (GII/12 genotype [25], accession no. AB039775),
B2516/2002/UK (2002/03 subtype [38], accession no. AY587989), Saitama_U3/JP
(GI1/6 genotype [25], accession no. AB039776), Sakai2/2006/JP (2004/05 subtype
[38], accession no. AB447448), Aomoril/2006/JP (2006a subtype [38], accession
no. AB447432), Aichi3/2006/JP (2006b subtype [38], accession no. AB447446),
and Hokkaido5/2008/JP and Hokkaido4/2008/JP (2008a and 2008b subtypes,
respectively, obtained in this study).

Informative-site analysis. The informative-site analysis was performed as de-
scribed previously (50). Briefly, each query sequence was aligned with two pu-
tative parental sequences and an outgroup sequence. The alignments were used
to identify informative sites that support alternative tree topologies between
downstream and upstream regions using the Simplot software program (48),
version 3.5.1. This information allowed identification of genome regions that
were assigned as chimeras of heterologous sequences of distinct evolutionary
origins. The statistical significance of the resultant division by the informative
sites was evaluated by the maximal x? test using in-house programs. The pro-
grams were designed to execute the calculation algorithms described by Robert-
son et al. (50, 55).

EVOLUTION OF NOROVIRUS BY GENOME RECOMBINATION
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Molecular modeling. Three-dimensional (3-D) structural models of the capsid
P-domain dimers were constructed by homology modeling as described previ-
ously (38). Briefly, the P-domain monomer models were first constructed using
the crystal structure of the NoV capsid P domain of the GII/4 VA387 strain at a
resolution of 2.00 A (PDB code 20BS [13]) as the template. The P domains of
the GII/4 subtypes described in this study have sequence similarities of greater
than 90% to that of VA387, high enough to construct models with a root mean
square distance (RMSD) of ~1 A for the main chain between the predicted and
actual structures (3). The P-domain monomer models were used to construct the
P-domain dimer models by superimposing the chains A and B using the crystal
structure of the NoV capsid dimer (PDB code 1IHM [47}).

Nucleotide seq i bers. The DDBJ database accession num-
bers for the nucleotide sequences of NoV genomes for the 2006/2007 season
(n = 37) have been reported elsewhere (38). The DDBJ database accession
numbers for the nucleotide sequences of NoV genomes for the 2007/2008 and
2008/2009 seasons (n = 162) are AB541201 to AB541362. The DDBJ database
accession numbers for the nucleotide sequences of NoV genome segment clones
(n = 11) are AB541190 to AB541200.

e acc

RESULTS

Phylogenetic classification of NoV GII/4 subtypes in Japan
during 2006 and 2009, First, we investigated the phylogeny of
the NoV near-full-length genome sequences (about 7.5 kb).
For this study, we used sequences obtained in this study from
19 sites in Japan between May 2006 and February 2009 (n =
199), various reported GII/4 reference sequences of past global
or Japanese epidemics, and various reported outgroup se-
quences of other NoV genotypes. Figure 1 shows a maximum-
likelihood tree constructed with the 199 Japanese genome se-
quences and the 19 GII/4 reference sequences from past NoV
epidemics throughout the world during the 1970s and 1980s
(7), <2000, in 2002/2003, and in 2004/2005 (38). The tree
shows that the 199 Japanese sequences are divisible into 7
distinct lineage groups within a GII/4 cluster with a high boot-
strap value (the 7 colored ovals in Fig. 1). The monophyly of
the 7 GII/4 groups was reproducible independently of the
algorithms to infer the phylogeny and reference sequences
used. We tentatively named the 7 monophyletic subtypes of
GII/4 variants 2004/05, 2006a, 2006b, 2007a, 2007b, 2008a, and
2008b.

The 2004/05 genome sequences were first obtained in
Japan in the winter of 2004-2005 (accession no. AB220921
to AB220923 [42]). The geographic distribution of the 2004/05
sequences seemed to be restricted to East Asia (54). The 2006a
and 2006b genome sequences were first obtained in Japan
during the winter of 2006-2007 (accession no. AB447427 to
AB447463 [38]). The 2006a and 2006b sequences were de-
tected in many countries in Europe, North America, and East
Asia during 2006-2007, wherein the 2006b subtype was gener-
ally more dominant than the 2006a subtype (54). The 2007a,
2007b, 2008a, and 2008b genome sequences were newly ob-
tained in this study. Phylogenetic tree analyses showed that the
nucleotide sequences of ORF2 of the 2008a subtype were
genetically closely related to the ORF2 sequence obtained in
the Netherlands in 2008 (accession no. AB445395), and to-
gether these sequences formed a single monophyletic group
with a high bootstrap value (data not shown). These results
suggest that at least 4 of the 7 GII/4 subtypes identified in
Japan during 2006 and 2009, i.e., the 2004/05, 2006a, 2006b,
and 2008a subtypes, caused NoV infections outside Japan.

We estimated the genetic divergence within and between the
7 monophyletic groups on the basis of the maximum composite
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FIG. 1. Phylogenetic classification of the NoV GII/4 subtypes in Japan during 2006 and 2009. The maximum-likelihood tree was constructed
with the near—full-length genome sequences (about 7.5 kb) obtained from stool specimens collected at 19 sites in Japan between May 2006 and
February 2009 in this study (» = 199) and GII/4 reference genome sequences from past epidemics in Japan and other countries in the <2000,
2002/2003, and 2004/2005 winter seasons (7, 38) (n = 18). The sequence clusters enclosed by colored ovals indicate the 7 monophy etic GII/4

subtypes identified in Japan in previous (38) and present studies.

likelihood model using MEGA software. The intragroup di-
vergence was comparably high in the 2006b subtype among the
7 groups (see Table S3, diagonal lines, in the supplemental
material), suggesting that the diversity of the 2006b genome is
higher than that of the other subtypes. This is consistent with
the epidemiological data that 2006b had predominated for 3
years in Japan whereas the others emerged only temporally.
The intergroup divergence was comparably high between
2004/05 and the other groups and between 2007a and the other
groups, and about 12 to 15% sequence divergence existed in
the genomes (see Table S3, bottom left portion, in the supple-
mental material).

Temporal and geographical distribution of Nov GII/4 sub-
types in Japan. We then analyzed the temporal and geograph-
ical distribution of the 7 GII/4 subtypes in Japan. The 199
near-full-length genome sequences were divided into 3 groups
according to the collection periods: the 2006/2007 (May 2006
to January 2007) (n = 39), 2007/2008 (March 2007 to February
2008) (n = 78), and 2008/2009 (May 2008 to February 2009)
(n = 82) seasons. The frequencies of detection of particular
NoV subtypes were obtained for each of the three seasons. We
also used published subtyping data for the analysis of the
previous winter season in Japan (November 2005 to March
2006) (n = 38) (38, 43).

The 2004/05 and 2006a sequences were detected at multiple
collection sites and were prevalent in the 2005/2006 season (38,
43) (Fig. 2A and B, 2004/05 and 2006a). However, they became
minor in the 2006/2007 season and were hardly detected there-
after. The 2006b sequences were minor in the 2005/2006 sea-
son (38) (Fig. 2A, 2006b). However, they rapidly became dom-
inant in the 2006/2007 season and continually predominated in
most of the collection sites in Japan, representing 176 of the
199 genome sequences (88.4%) during the study period. This
result is consistent with the data of partial capsid sequences
obtained during December 2007 to January 2008 in Japan (28).
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The 2007a and 2007b sequences were detected only at single
collection sites in the 2007/2008 season (Fig. 2A and B, 2007a
and 2007b). The 2008a and 2008b sequences were detected
most recently at multiple collection sites in the 2008/2009 sea-
son (Fig. 2A and B, 2008a and 2008b). These data indicate that
the 2006b subtype displaced the 2004/05 subtype in the 2006/
2007 season and continued to predominate for the next 2 years
in Japan. During the period of the 2006b predominance, how-
ever, several GII/4 subtypes caused NoV outbreaks in Japan,
and the frequencies and sites of non-2006b outbreaks in-
creased slightly in the 2008/2009 season.

Phylogenetic evidence for NoV genome mosaicism. Next, we
investigated the possibility of genome mosaicism of the 7 GII/4
subtypes. For this purpose, we first compared the branching
orders of the subtype clusters in the maximum-likelihood and
neighbor-joining trees of the ORF1, ORF2, and ORF3 se-
quences using representative sequences of the 19 GII geno-
types (GII/1 to GII/19) reported to date in the GenBank da-
tabase. Figure 3A shows the maximum-likelihood trees, in
which most of the non-GIl/4 sequences were positioned far
from the GII/4 cluster and were therefore excluded for a better
grasp of the relationship of the phylogeny among the GII/4
variant subgroups. The exception was the ORF1 tree, in which
the GII/12 sequence branched inside the GII/4 cluster. The
comparisons of the three trees revealed that there was marked
inconsistency in the branching orders of the GII/4 subgroups.
The inconsistency was reproducible independently of the algo-
rithms to infer the phylogeny and reference sequences used.
First, the ORF1 sequences of the 2006b, 2007a, 2007b, and
2008b subtypes formed independent monophyletic clusters,
whereas the ORF2 sequences of the 2006b, 2007a, and 2008b
subtypes formed a single cluster and the ORF3 sequences of
these four subtypes formed the same cluster (Fig. 3A, light
blue circles). Second, the ORF1 sequences of the 2004/05
subtype were clustered near the ORF1 sequence of a GII/12
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FIG. 2. Temporal and geographical distribution of the NoV GII/4 subtypes in Japan. The 199 near-full-length genome sequences were divided
into 3 subgroups according to the collection periods: the 2006/2007 (May 2006 to January 2007) (n = 39), 2007/2008 (March 2007 to February 2008)
(n = 78), and 2008/2009 (May 2008 to February 2009) (n = 82) seasons. For the analysis of the 2005/2006 season, published subtyping data (38,
43) were used (n = 38). (A) Frequencies of detection of particular NoV GII/4 subtypes in each season in Japan. (B) Geographic locations of the
GI1/4 subtype outbreaks. Colored stars indicate the locations of sample collection sites. Larger stars indicate the collection sites with greater
frequencies of detection. #, ORF2s were classified as the same phylogenetic group (see Fig. 3A, ORF2). ##, ORF3s were classified as the same

phylogenetic group (see Fig. 3A, ORF3).

strain (Saitama_U1/JP [25]) and relatively distant from the
reported GII/4 reference sequences, whereas the ORF2 and
ORF3 sequences of the 2004/05 subtype were very distantly
related to the Saitama_U1/JP sequence and closely related to
the GII/4 reference sequences (Fig. 3A, yellow circles). Third,
the branching orders of the 2008a sequences were also differ-
ent in the ORF1, ORF2, and ORF3 trees (Fig. 3A, red circles).
These results suggested that most subtypes identified in this
study had mosaic genomes.

To further assess this possibility, we performed bootscan-
ning-plot analyses as described previously (69). For each
bootscanning plot, we used a query genome sequence of a
given subtype, two to three reference sequences that were
positioned relatively closely to the query sequence in the
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neighbor-joining trees, and a distantly related outgroup se-
quence. The analyses showed that the genomes of the 2004/05,
2007a, 2007b, 2008a, and 2008b subtypes were indeed com-
posed of multiple segments from recently prevalent or as-yet-
undefined genogroups, genotypes, and subtypes of NoVs in
this and previous reports (2, 7, 25, 38, 53, 65, 71) (Fig. 3B; see
also Fig. 3A). The 2004/05 genome (Sakai2/2006/JP) was com-
prised of the ORF1 related to GII/12 (Saitama_U1/JP) and the
ORF2/3 related to GII/4 2002/03 (B2516/2002/UK). The 2007a
genome (Osakal/2007/JP) was made up of the ORF1 related
to GII/12, the ORF2 of as-yet-undefined classes of GII/4, and
the ORF3 related to GII/4 2006b (Aichi3/2006/JP). The 2007b
genome (Iwate5/2007/JP) was made up of the ORF1 related to
GI1I/4 2006b and 2006a (Aomoril/2006/JP) and the ORF2 and
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FIG. 3. Phylogenetic evidence for NoV genome mosaicism. (A) Maximum-likelihood trees of the nucleotide sequences of the complete ORF1

(about 5.1 kb), ORF2 (about 1.6 kb), and ORF3 (about 0.8 kb). The trees were constructed with the sequences obtained in previous (38) and
present studies (n = 199) and the reference sequences described in Fig. 1. The GII/12 sequence (Saitama_U1/JP [25]) was used as an outgroup
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