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Genogroup II Noroviruses Efficiently Bind to Heparan Sulfate

Proteoglycan Associated with the Cellular Membrane
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Norovirus (NV), a member of the family Caliciviridae, is one of the important causative agents of acute
gastroenteritis. In the present study, we found that virus-like particles (VLPs) derived from genogroup II (GII)
NV were bound to cell surface heparan sulfate proteoglycan. Interestingly, the VLPs derived from GII were
more than ten times likelier to bind to cells than were those derived from genogroup I (GI). Heparin, a sulfated
glycosaminoglycan, and suramin, a highly sulfated derivative of urea, efficiently blocked VLP binding to
mammalian cell surfaces. The reagents known to bind to cell surface heparan sulfate, as well as the enzymes
that specifically digest heparan sulfate, markedly reduced VLP binding to the cells. Treatment of the cells with
chlorate revealed that sulfation of heparan sulfate plays an impertant role in the NV-heparan sulfate inter-
action. The binding efficiency of NV to undifferentiated Caco-2 (U-Caco-2) cells differed largely between GI NV
and GII NV, whereas the efficiency of binding to differentiated Caco-2 (D-Caco-2) cells did not differ signifi-
cantly between the two genogroups, although slight differences between strains were observed. Digestion with
heparinase I resulted in a reduction of up to 90% in U-Caco-2 cells and a reduction of up to only 50% in
D-Caco-2 cells, indicating that heparan sulfate is the major binding molecule for U-Caco-2 cells, while it
contributed to only half of the binding in the case of D-Caco-2 cells. The other half of those VLPs was likely
to be associated with H-type blood antigen, suggesting that GII NV has two separate binding sites. The present
study is the first to address the possible role of cell surface glycosaminoglycans in the binding of recombinant

VLPs of NV.

Norovirus (NV), a member of the family Caliciviridae, is a
causative agent of acute gastroenteritis, and NV is known to
have been responsible for both sporadic cases and epidemic
outbreaks of the disease in both developing and developed
countries (23, 55). As many as 95% of nonbacterial gastroen-
teritis outbreaks in the world are reported to be caused by this
agent (20). Most of the outbreaks are associated with the
ingestion of contaminated food, in particular raw shellfish, or
contaminated drinking water (24, 39, 55). The predominant
clinical manifestations are nausea, vomiting, and diarrhea (38).
In 1972, 27-nm-diameter viral particles of the prototype NV
strain (Hu/NV/GI/Norwalk/1968/US, NV/68) were identified
by immune electron microscopy in fecal specimens collected
from a patient during a gastroenteritis outbreak at an elemen-
tary school in Norwalk, Ohio, in the year 1968 (1, 37).

NV is a nonenveloped virus containing an approximately
7.5-kb, positive-sense, single-stranded RNA genome with a
polyadenylated tail at the 3’ end (33). The genome contains
three open reading frames (ORFs), with ORF1 encoding non-
structural proteins and ORF2 and ORF3 encoding structural
proteins (18). Currently, NV is classified into two genogroups,
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genogroup I (GI) and GII. according to the nucleotide and
amino acid sequences (4, 21, 40).

In spite of extensive efforts, biochemical studies of NV have
been hampered by the lack of a cell culture system in which the
virus will grow, although one animal model has recently been
reported (67). Only chimpanzees developed serologic re-
sponses when inoculated with NV/68, but they usually under-
went an asymptomatic infection (82). Most of our understand-
ing of NV infection has been obtained from epidemiological
and volunteer studies (25, 52, 57, 64).

Recombinant baculoviruses harboring the gene encoding
the NV capsid protein have been constructed, and the proteins
were expressed in insect cells (34). An approximately 58-kDa
capsid protein appeared to be self-assembled into virus-like
particles (VLPs). The fine structure of the recombinant VLPs
of NV/68 (rNV/68) was clucidated by electron cryomicroscopy
and X-ray crystallography, and it was found that rNV/68 is
composed of 180 capsid proteins that form an icosahedron that
is 38 nm in diameter (59, 60). Green and coworkers deter-
mined that INV/68 is morphologically and antigenically similar
to the native virions (22). Hyperimmune sera against INV/68
were subsequently prepared, and enzyme-linked immunosor-
bent assays were established for the detection of N'V/68 in stool
specimens (19). It was also found that rNV/68 was immuno-
genic, and rNV/68 has been used for oral immunization to
evaluate its ability to stimulate mucosal immunity (6, 26, 50).
VLPs have also been useful for studying virus-cell interactions
in vitro (7, 58, 80).
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It remains unclear where NV infects the host and subse-
quently multiplies, although the jejunum from volunteers with
NV infection exhibited histopathological lesions (63, 64).
Knowledge of the molecular basis for the interaction between
NV and target cells may facilitate the development of vaccines
and provide pharmaceutical strategies for the prevention and
treatment of NV infection. In a previous study, we prepared
VLPs from Ueno virus (UEV). a GII NV, and found a 105-
kDa protein as a candidate receptor molecule (71). However,
attempts 10 extract and purify the 105-kDa protein have re-
mained unsuccessful. Recently, the association between NV
infection and histo-blood group antigens present on host se-
cretor intestinal cells has been reported (28, 31, 46. 49), and
hemagglutination by rNV/68 was obscrved (32).

In the present study, we compared the binding of VLPs from
both GENV and GII NV (o intestinal cells and found that the
binding of GII NV VLPs to the cells occurred more efficiently
than those of GI NV. We used ileam Intestine 407 cells, from
human small intestine, to investigate the cell surface binding
molecules. Assays using various inhibitors and enzymatic mod-
ifications of the cell surface revealed that NV binding was
mediated by heparan sulfate proteoglycan, and this interaction
was ubiquitously observed in various cell lines.

MATERIALS AND METHODS

Cells. Intestine 407 (human ileum) cells were grown at 37°C with Dulbecco’s
modified Tagle’s medium (D-MEM) (Sigma Chemical Co., St. Louis, Mo.)
containing recombinant human insulin (10 pg/ml: Wako Pure Chemical Indus-
tries. Ltd., Osaka, Japan) and [0 fetal bovine serum (FBS) (JRH Biosciences,
Lenexa. Kans.). CHO (Chinese hamster ovary) cells, Hela (human cervix) cells,
Vera (African green monkey kidney) cells, and A549 (human alveolar type
H-derived carcinoma) cells were grown at 37°C with D-MEM containing 10
FBS. 'Ins cells. derived from the insect Trichoplusia ni (30), were grown at 27°C
with Ex-CELL 400 (JRH Biosciences). Caco-2 (buman colon) cells were grown
at A7°C with GIT medium (Wako) containing 3% FBS. Caco-2 cells are known
to spontaneously differentiate into enterocyte-like cells more than 6 days post-
confluency. The cells showed biochemical and morphological features of differ-
entintion, such as sucrase activity and the presence of domes (2, 80), The cells
were incubated for at feast 10 days posteonfluency and were used as differenti-
ated Caco-2 {D-Cuco-2) cells, which represented typical domes.

Recombinant VLPs. Two strains from GI NV (Seto 124 virus [SEV] {43] and
Funabashi virus [FUV] [ABO78335] [unpublished data]) and three strains from
GH NV (Ueno 7k virus [UEV] [ABO78337] [71], Chitta 76 virus [CHV] [42], and
Kashiwa 47 virus [KAV] [AB078334] {unpublished data]) were used. **S-labeled
or nonlabeled VEPs were prepared by utilizing baculovirus expression systems
with Tn3 jnsect cells, as described previously (71). Briefly, TnS cells in a 250-ml
flask were infected with o recombinant baculovirus harboring NV ORF2 at a
multiplicity of infection of 5 to 10, and the cells were incubated for 24 h at 27°C.
The NV capsid proteins were metabolically radiolabeled with 1-[*S|methionine
(Tran™S$-Label metabolic labeling reagent [30 wCi/ml): ICN Biomedicals, Inc.)
for 12 h at 27°C. Seven days after infection, the cells were harvested and the
S-tabeled INV were purified by CsCl equilibrium density gradient centrifuga-
tion followed by 3-(0-30%¢ sucrose gradient centrifugation. The specific activities
of the purified S-labeled-rSEV, -rFFUV -rUEV, -rCHV. and -tKAV were 2.2 X
0%, 1.2 5 300 9.6 % 107 5.9 < 10%, and 2.7 % 107 cpm/pg. respectively.

Inhibitory agents and enzyme digestion. Heparin sodium salt, suramin sodium
salt, protamine sulfate grade X (from salmon), poly-t-lysine hydrobromide (mo-
teculir weight, 30.000 to 70,000). magainin |, and cecropin A were obtained from
Sigma Chemical Corporation. Glycosaminoglycans, heparan sulfute sodium salt
{from bovine kidney), chondroitin sulfate C sodium salt (from shark cartilage).
and hvaturonic acid (from bovine vitreous humor) were obtained Irom Sigma
Chemical Co. Dermatan sulfate T (from porcine intestinal mucosa) was obtained
from ICN Pharmaceuticals. [ne. (Costa Mesa. Calif.). Blood group 1 disaccha-
ride. blood group A trisaccharide, and blood group B trisaccharide were ob-
tined from Calbiochem-Novabiochem Co. {La Jolla, Calif.). Those chemicals
were dissolved in either distilfed water or phosphate-bulfered saline (pH 7.5:
Nissui Pharmaceutical Co. Lad.. Tokyo, Japan).

J. VIROL.

Heparinase 1 heparinase 1 (heparitinase), and chondroitinase ABC (from
Proteus vulgarisy were obtained from Sigma Chemical Co. al.2-Fucosidase (from
NXanthomonas sp.} was obtained front Calbiochem-Novabiochem Co. They were
dissolved in serum-free D-MEM. Enzyme digestion was carried out in serum-
free D-MEM at 37°C for 6f) min. Under the present assay conditions, none of
these enzymatic treatments cuused any detachment of cells from the monolayers.

Binding assay. Confluent monolavers of various mammadian cells in a 24-well
collagen-coated plite (Asahi Techno Glass Co. Lid., Tokyo, Japan) (107 to 10°
cellsiwell) were incubated with 15 pg of “*S-kabeled VLPs in cither the presence

or absence of inhibitors for 1 h at 4°C. All reactions were performed in a final
volume of 200 plhof serum-free D-MEM. Free 2 S-labeled-VIPs were eliminated
by wishing the cells three times with serum-free D-MEM, and the cells were
solubilized with radioimmunoprecipitation assay (RIPA) buffer (0.15 M NaCl,
147 sodium deoxycholate, 197 Triton X-100, (117 sodium dodecyl sulfate, (1017
aprotinin, 10 mM Tris-HCl |[pI 7.2]). The radioactivity was then measured with
a liquid scintillation counter. Assuys were performed in triplicate.

Inhibition of glycosaminoglycan sulfation. Low-sulfate medium D-MEM/F-12
was obtained from GIBCO BRL (Guithersburg, Md) and supplemented with
H9%: FBS. Vero cells were cultured in D-MEM or low-sulfute D-MEM/F-12 for
48 b in 24-well plates in the preseace of the sulfution inhibitor sodium chlorate
(5). Replicate cells were supplemented with sodium sulfate in order to assess the
sulfation-specificity of inhibition.

RESULTS

The binding of VLPs of GI NV and GII NV to cells. NV is
classified into two genogroups, GI and GII, according to the
nucleotide and amino acid sequences (45, 78). Each genogroup
contains many genetic clusters forming the various genotypes.
We used a virus-binding assay to compare the NV binding
efficiency between the two genogroups, as described previously
(71). *S-labeled VLPs were prepared from five NV strains,
and we compared the binding efficiency to Intestine 407 cells,
a cell line derived from human intestine, and CHO cells, a cell
line derived from Chinese hamster ovary. The binding of three
recombinant VLPs of GII NV (rfUEV, rKAV, and rCHV) 1o
Intestine 407 cells appeared to be more efficient than those of
cither of the two VLPs of GI NV (1SEV and rFUV) (Fig. 1A).
Similar results were obtained when CHO cells were used. The
binding of TUEV to CHO cells was also more efficient than
that of rSEV and rFUV, indicating that VLPs of GII NV were
able to bind more efficiently to these cells than did the VLPs of
GI NV (Fig. IB).

The binding of rUEV to Intestine 407 cells via negatively
charged cell surface molecule(s). To account for the discrep-
ancies between the binding efficiencies observed between Gl
NV and GII NV, we investigated cell surface molecule(s) in-
volved in the binding process. We used six potential binding
inhibitors to study the binding of rtUEV 1o Intestine 407 cells
(Fig. 2). Heparin and suramin were known 10 bind to polyca-
tions on the surfaces of various virus particles and cell surface
molecules (11, 53. 75). Poly-t-lysine and protamine sulfate,
heparin antagonists, are known to bind to polyanions. Ma-
gainin I, a positively charged peptide (85), and cecropin A (66)
are antimicrobial and antiviral peptides.

As depicted in Fig. 2A, when the assay was performed in the
presence of heparin, the binding of rUEV to Intestine 407 cells
was decreased in a dose-dependent manner. However, this
inhibition of binding was not observed when the cells were
pretreated with heparin (2.5 pg/ml), indicating that heparin
blocks the binding of tUEV to cells by associating with rtUEV,
and not with the cells. Similar results were observed when
suramin was used (Fig. 2B). Poly-i-lysine and protamine sul-
fate similarly inhibited the binding of rUEV in a dose-depen-
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FIG. 1. Comparison of binding efficiency. Fifteen micrograms of
S labeled VLPs from GI (rSEV and rFUV) and GII ({UEV, rKAYV,
and rCHV) was incubated for 1 h at 4°C with the cells placed in 24-well
plates. The cells were washed, and the radioactivity was measured. The
results are expressed as the percentage of S-labeled rUEV binding.
The mean values were plotted (error bars, standard deviation ranges).
The experiments were performed in triplicate and were reproduced at
least twice. (A) Intestine 407 cells were incubated with *S-labeled
IUEV rKAV, rCHV, rSEV, and rFUV. (B) CHO cells were mcubdtcd
with **S-labeled rUEV. rSEV, and rFUV.

dent manner (Fig. 2C and D). However, strong inhibition was
also observed when the cells were treated before being exposed
to rUEV, demonstrating that these two reagents caused an
inhibitory effect by directly binding to the cells. This observa-
tion was in contrast to that of heparin and suramin. Cecropin
A, magainin I, and bovine serum albumin (BSA) had no effect
on the binding of rUEV (Fig. 2E and F).

Although heparin is not a constituent of cell membranes,
this molecule is a structural homologue of heparan sulfate, a
negatively charged glycosaminoglycan (56). Heparan sulfate is
widely expressed on the cell surface and in extracellular ma-
trices (29, 36). Poly-L-lysine and protamine sulfate are known
to bind to cell surface polyanions. Therefore, negatively
charged Intestine 407 ccll surlace molecules, such as sulfated
glycosaminoglycans, are likely to be involved in the binding of
rUEV.

rUEV interacts with negatively charged glycosaminoglycans.
To determine whether a negatively charged cell surface glycos-
aminoglycan is associated with binding 10 the cell surface, we
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selected four major soluble glycosaminoglycans (i.e., heparan
sulfate, chondroitin sulfate C, dermatan sulfate I [chondroitin
sulfate B], and hyaluronic acid) as competitive antagonists. As
depicted in Fig. 3, heparan sulfate, chondroitin sulfate C, and
dermatan sulfate I showed dose-dependent inhibition, which
was distinguished at doses of 50 pg/m! and higher (Fig. 3A to
C). These three glycosaminoglycans have a negatively charged
sulfate group (27). No inhibition was observed when the cells
were pretreated with any one of these compounds at a con-
centration of 50 pg/mi, indicating that they all successfully
block binding by associating with rtUEV, and not with Intestine
407 cells. In contrast, hyaluronic acid, which has no charged
group in the molecule, had no effect, even when concentrations
up to 200 pg/ml were tested (Fig. 3D). These results indicated
that negatively charged glycosaminoglycans are capable of cas-
ily binding to rUEV and that they inhibit the binding of TtUEV
to Intestine 407 cells. The findings thercfore suggest that gly-
cosaminoglycans on the cell surface play a role in the binding
of rUEV to the cell surface.

The cell surface molecule involved in binding is heparan
sulfate glycosaminoglycan. To determine whether or not cell
surface glycosaminoglycan is actually used in the binding pro-
cess, we pretreated Intestine 407 cells with glycosaminoglycan-
specific lyases and measured the extent of *3S-labeled TUEV
binding. The cells were exposed to three different enzymes
capable of digesting cell surface glycosaminoglycan moieties,
namely, heparinase 1, heparinase I1, and chondroitinase ABC.
Heparinase 1 cleaves glycosidic linkages in both heparin and
heparan sulfates, while heparinase HI selectivity cleaves the
linkages in heparan sulfate (47, 56). Chondroitinase ABC spe-
cifically cleaves glycosidic linkages in chondroitin sulfates A, B,
and C (83), which are also major vlvmsclmmoglycans on cell
surfaces.

Digestion with either heparinase I or heparinase T resuited
in a marked reduction of the binding of **S-labeled rtUEV in a
dose-dependent manner (Fig. 4A and B), while digestion with
chondroitinase ABC had no influence on the binding (Fig. 4C).
We also confirmed that digestion with heparinase 1 (10 U/ml)
resulted in a reduction of more than 90% of the **S-labeled
rCHV binding to Intestine 407 cells (data not shown). These
results indicated that cell surface heparan sulfate glycosami-
noglycan is the major molecule involved in the binding, at least
as regards these two strains of GII NV,

Sulfation of glycosaminoglycans is required for binding. Hy-
aluronic acid was not associated with an inhibitory effect on
cell surface binding (Fig. 3D), and this molecule is the only
nonsulfated glycosaminoglycan among the potent inhibitors
(27). This result suggested that the sulfation of glycosamino-
glycan is important for rUEV binding to cells. To further
clarify this point, we cultivated Vero cells in low-sulfate me-
dium D-MEM/F-12 with a specific sulfation inhibitor, sodium
chlorate (5), and measured the binding of **S-labeled rUEV to
the cells. The addition of sodium chlorate led to a marked
dose-dependent loss of binding (Fig. 5). The lack' of tUEV
binding due to desulfation by sodium chlorate was recovered
dose dependently by supplementing the cells with sodium sul-
fate (Fig. 5): These results thus demonstrated that sulfation of
glycosaminoglycan plays an important role in the binding of
rUEV.
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FIG. 2. Inhibition of binding with various inhibitory molecules. Intestine 407 cell monolayers were incubated with **S-labeled rUEV in the
presence of increasing concentrations of potential inhibitors: heparin (A), suramin (B). poly-1-lysine (C), protamine sulfate (D), cecropin A (100
pg/ml) and magainin T (100 pg/ml) (E), and BSA (F). The cells were also preincubated with cach compound at concentrations of 2.5 pg/ml (heparin
and suramin) and 50 wg/ml {poly-1 -lysine and protamine sulfate), washed three times. incubated with 15 pg of **S-labeled rtUEV, and washed three
times, and the radioactivity remaining in the cells was measured (column Pre at the far right in panels A to D). Control values in the absence of
inhibitor ranged from 430 to 2,800 cpm. Experiments were performed in triplicate and were reproduced at feast twice. The plotted data represent

the means (error bars, standard deviation ranges).

The binding profile differs between undifferentiated and dif-
ferentiated Caco-2 cells. Whitc ¢t al. reported that INV/68 was
able to bind more significantly to D-Caco-2 cells than to any
other mammalian cell lines tested, although the cell surface
binding factor was unknown (80). To assess the contribution of
heparan sulfate glycosaminoglycan in the process of rUEV
binding to Caco-2 cells, we investigated the binding of GI NV
and G NV 10 Caco-2 cells using a virus-binding assay. We
prepared “S-labeled VLPs from {our NV strains and com-
pared the efficiencies of each strain in terms of ability to bind
to undifferentiated Caco-2 (U-Caco-2) cells and to D-Caco-2
cells.

As depicted in Fig. 6A, the GI NV and GII NV strains
differed greatly in terms of their ability to bind to U-Caco-2
cells. In contrast, the level of binding to D-Caco-2 cells did not
differ significantly between the two genogroups, although slight
differences between strains were observed (Fig. 6B). To deter-
mine whether or not cefl surface heparan sulfate is necessary
for this type of binding. we treated U-Caco-2 and D-Caco-2
cells with heparinase and measured the level of binding of
*38-labeled rUEV to these cells. Digestion with heparinase 1

resulted in a dose-dependent reduction of up to 90% in the
casc of binding to U-Caco-2 cells (Fig. 6C). However, the
corresponding reduction with heparinase I amounted to only
50% in the case of the D-Caco-2 cells (Fig. 6D). indicating that
although heparan sulfate is the major binding molecule for
U-Caco-2 cells, it contributed to only half of the amount of
binding in the case of the D-Caco-2 cells.

Contribution of H-type blood antigen to rUEV binding to
D-Caco-2 cells. A recent study has shown that D-Caco-2 cells
have a high level of expression of H-type 1 blood group antigen
on the cell surface (2). Other related studies have suggested
that INV/68 is associated with H-type histo-blood antigen (32,
49). Therefore, we investigated the inhibitory activity of the
blood group H disaccharide, blood group A trisaccharide, and
blood group B trisaccharide. As depicted in Fig. 7A, only
incubation of **S-labeled rUEV with blood group H disaccha-
ride reduced the binding to D-Caco-2 cells by more than 409.
Next, we used al,2-fucosidase to determine whether the 1,2-
fucosylated structure was important for NV binding (49). Pre-
treatment of D-Caco-2 cells with ol,2-fucosidase also dose
dependently reduced the amount of binding by approximately
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FIG. 3. Inhibition of binding of rUEV by glycosaminoglycans. Intestine 407 cell monolayers were incubated with *S-labeled rUEV in the
presence of increasing concentrations of each glycosaminoglycan: heparan sulfate (A), chondroitin sulfate C (B), dermatan sulfate 1 (C), and
hyaluronic acid (D). The cells were also preincubated with each glycosaminoglycan at a concentration of 50 pg/ml, washed three times. incubated
with 15 g of ®¥S-labeled rUEV, and washed three times, and the radioactivity of the cells was measured (column Pre at the far right in panels
A to C). Controf values in the absence of the glycosaminoglycan ranged from 570 to 1.270 cpm. The experiments were performed in triplicate and
were reproduced at least twice. The plotted data represent the means (error bars, standard deviation ranges).

40% (Fig. 7B). These experiments indicated that approxi-
mately half of the bound rUEV was associated with heparan
sulfate and the other half was associated with H-type blood
group antigen on the D-Caco-2 cells (Fig. 6D and Fig. 7).
Although it remains unclear whether rUEV could bind 1o
blood group A antigen or blood group B antigen based on this
assay, our data suggested that rUEV particles probably possess
separate binding sites for at least heparan sulfate and H-type
blood antigen.

Cell surface heparan sulfate for rUEV binding to various
cells. To determine whether the interaction between rUEV
and heparan sulfate is limited to Intestine 407 and Caco-2 cells
(Fig. 4 and 6), we treated five cell lines derived from different
species with heparinase 1 and measured the extent of rUEV
binding (Fig. 8). Digestion with heparinase 1 (20 U/ml) re-
sulted in a marked reduction in binding to all five cell lines,
although the degree of binding to TnS insect cells was relatively
high (Fig. 8). These results suggested that the interaction be-
tween rUEV and heparan sulfate is ubiquitously shared by
cells from various species, although the structure of heparan
sulfate differs from tissue to tissue and species to species (14,
72).

Cell surface heparan sulfate for GI NV binding. To deter-
mine whether the weak binding of GI VLPs to cells is associ-
ated with cell surface heparan sulfate (Fig. 1). we performed
binding assays in the presence of heparin and also after treat-

ment with heparinase I (Fig. 9). The inhibitory effects of hep-
arin differed in a comparison of the GI and the GII NVs (Fig.
2A), although the binding of ISEV and rFUV to Intestine 407
cells decreased in both cases in a dose-dependent manner,
respectively (Fig. Y). No inhibition was observed when the cells
were pretreated with heparin at 2.5 pg/mi (Fig. 9). Digestion
with heparinase T (20 U/ml) resulted in an incomplete reduc-
tion of the binding of *S-labeled rSEV and rFUV (~60 and
~40%, respectively) (Fig. 9). These results suggested that the
cell surface heparan sulfate glycosaminoglycan might not be
the major molecule involved in the binding process of at least
two strains of GI NV.

DISCUSSION

Heparan sulfate, a long polyanionic carbohydrate chain con-
sisting of repeating disaccharides, is found in a wide variety of
tissues in many animal species (14, 73). This molecule has a
core protein that is rooted in the lipid bilayer of the plasma
membrane of most types of vertebrate and invertebrate cells
(41,51). A number of studies have indicated the potential roles
of heparan sulfate proteoglycans in the regulation of cell
growth and transformation (15, 61, 77, 84). differentiation pro-
cesses (10), cell adhesion (12, 44), and ncuromuscular junction
formation (3). In addition. heparan sulfate acts as a receptor,
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FIG. 4. Effect of treatment with lyase on binding. Intestine 407 cell monolayers were pretreated with increasing concentrations of each enzyme
for 1 h, and the binding of *S-labeled rUEV was measured. Control values in the absence of the enzyme ranged from 1,050 to 1.520 cpm. The
experiments were performed in triplicate and were reproduced at least twice. The plotted data represent the means {error bars, standard deviation
ranges). (A) eparinase I (U to 20 U/ml); (B) heparinase 111 (0 to 20 U/ml): (C) chondroitinase ABC (0 to 10 U/ml).

not only for viruses, but also for bacteria and parasites (11, 62,
65, 69).

Our series of experiments demonstrated that tUEV and
rCHV, recombinant VLPs from GII NV, predominantly bound
10 heparan sulfate on most mammalian cell surfaces tested,
except for on D-Caco-2 cells. The first indication leading to our
present conclusions was obtained from experiments using the
binding inhibitors heparin and suramin. These molecules had
been shown to block the binding of rUEV to Intestine 407 cells
by associating with the VLPs and not with the cells. The bind-
ing to rUEV presumably occurred via the sulfated portion of
these inhibitors, which occupied the sites on the VLPs that
were otherwise necessary for binding to cell surface heparan
sulfate (Fig. 2A and B). Heparin, a functional analogue of
heparan sulfate, is a polymer containing repeated disacchar-
ides and suramin. a complex derivative of urea. Other than
their respective sullate groups, there was no other common
feature shared by these two molecules. Unexpectedly, chon-
droitin sulfate C and dermatan sulfate I also exerted inhibitory
effects on binding at higher doses (Fig. 3B), which is a finding
that differs from that in studies of dengue virus: the discrep-
ancy is duc to the fact that these two compounds had no
inhibitory cffeet on denguc virus. The binding of dengue virus
was exclusively blocked by highly sulfated heparan sulfate (11).
Poly-1-lysine and protamine sulfate directly inhibited the bind-
ing of fUEV to Intestine 407 cells by associating with the cell

surface (Fig. 2C and D). The binding of heparan sulfate, chon-
droitin sulfate C, and dermatan sulfate I to rUEV is thought to
be due to their glycosaminoglycan-specific structures, such as
sulfated sugars, rather than being the result of a simple non-
specific effect, since hyaluronic acid did not show any inhibitory
effect, even at doses up to 200 pg/mi. In contrast with all other
glycosaminoglycans, hyaluronic acid contains no sulfated sug-
ars (27). Under the present assay conditions, Intestine 407 cell
surface heparan sulfate was shown to be associated with more
than 909 of the binding that took place, as indicated by treat-
ment with heparinase T or TIT at 20 U/mi (Fig. 4A and B). NV
presumably interacts with other cell surface glycosaminogly-
cans in vivo; for instance, chondroitin sulfate exists abundantly
in the human intestinal tract (73).

Removal of heparan sulfate by heparinase I, a heparan
sulfate-specific enzyme, clearly indicated that this molecule is
specifically associated with the binding between Intestine 407
cells and rTUEV (Fig. 4B). Although rUEV selectively binds to
heparan sulfate on Intestine 407 cells, we cannot rule out the
possibility that rUEV interacted with other cell surface polya-
nions. In a previous study, we suggested a 105-kDa protein as
a candidale receptor molecule in various mammalian cells
(71), but this 105-kDa molecule did not correspond to cell
surface heparan sulfate (data not shown).

The sulfation of heparan sulfate is important for the binding
of rUEV to Intestine 407 cells. as shown in Fig. 5. These results
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FIG. 5. Effect of sulfation of glycosaminoglycan in the binding of
rUEV. Vero cells were incubated in the presence of increasing con-
centrations (0, 1, 5, and 25 mM) of sodium chlorate. After the cells
were washed, the binding of *S-labeled rUEV was examined. Cells
incubated in the presence of 25 mM sodium chlorate were supple-
mented with cither | or 5 mM sodium sulfate for 48 h. After the cells
were washed, the binding of **S-labeled rUEV was measured. The
experiments were performed in triplicate and were reproduced at least
twice. The plotted data represent the means (error bars, standard
deviation ranges).

may explain the inhibition by suramin. a compound not related
structurally to glycosaminoglycans but one that contains six
sulfate groups (Fig. 2B). Recent studies have shown that the
structure of heparan sulfate is highly heterogeneous in terms of
both the pattern and level of sulfation, as well as in terms of the
primary sequence of disaccharides, depending on the tissues
and species from which this molecule is extracted (48, 72).
Such differences may explain the tropism of pathogenic micro-
organisms that exploit heparan sulfate structures as a target for
binding (11). In our previous study, we did-not observe an
association of rUEV with glycoproteins, since the binding of
rUEV was not influenced by treatment with sodium periodate
(71). We are of the opinion that oxidation by sodium periodate
is unlikely to affect the sulfate group of heparan sulfate (16).

Although heparan sulfate appeared to play a role in the
binding of rUEV to Intestine 407 cells, the structure of hepa-
ran sulfate is known to be heterogeneous, depending on the
cell type (51, 73). Therefore, U-Caco-2, CHO, HelLa, A549,
and Vero cells were digested with heparinase I, and the sub-
sequent extent of rUEV binding was examined. As indicated in
Fig. 8, treatment with enzymes drastically reduced the extent of
binding, indicating that heparan sulfate was also used for the
binding process in these other types of cell. However, the
binding of rtUEV to D-Caco-2 (Fig. 6D) and Tn5 (Fig. 8) cells
reflected some degree of resistance to heparinase I digestion.
These results therefore suggest that a cell surface molecule(s)
other than heparan sulfate participated in the binding process
in these cases.

A difference in the binding efficiency was dctected between
Gl and GI1 VLPs, whercby GI VLPs were found to ineffi-
ciently bind to the cells, when they were compared to GII
VLPs (Fig. 1). A low level of binding of rSEV and rFUV was
observed, compared with that of GII VLPs (Fig. 1A), and the

inhibition by both heparin and heparinase I was only half
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FIG. 6. Comparison of binding of VLPs to U-Caco-2 and D-Caco-2
cells. Fifteen micrograms of “*S-labeled VLPs was incubated with
either U-Caco-2 or D-Caco-2 cells for 1 h at 4°C. After the cells were
washed, the binding of VLPs to the cells was measured. (A) U-Caco-2
cells were incubated with ¥S-labeled rUEV, rSEV, and rFUV. (B) D-
Caco-2 cells were incubated with ¥S-labeled rUEV, rCHV, 1SEV, and
rFUV. The effect of heparinase I treatment on the binding of rUEV to
U-Caco-2 and D-Caco-2 cells was also measured. Monolayers of U-
Caco-2 (C) and D-Caco-2 (D) were pretreated with increasing con-
centrations of heparinase I for | h before 15 pg of **S-labeled rUEV
was added. After washing, the radioactivity of the cells was measured.
The experiments were performed in triplicate and were reproduced at
least twice. The plotted data represent the means (error bars, standard
deviation ranges).

complete (Fig. 9). A similar incomplete inhibitory effect was
observed in the case of treatment with suramin (data not
shown). Therefore, we concluded that both rSEV and rFUV
also bind to cell surface heparan sulfate very weakly or non-
specifically. This finding may account for previous data by
White et al. that NV/68 did not bind to most cell lines, with the
exception of Caco-2 cells (80). Most human cell lines used in
their assay would have expressed heparan sulfate proteoglycan
on the cell surface. However, GI NV is likely to bind to hepa-
ran sulfate nonspecifically, which would result in a low level of
binding to those cell lines. As regards the binding to insect S{9
cells, NV/68 possibly bound to molecules other than heparan
sulfate, as was observed in our experiments with another insect
cell, Tn5 (Fig. 8). It is of note in this context that the hemag-
glutination profiles of GI and GHI were also different (32).
Generally, binding assays are typically carried out at 4°C in
order Lo avoid changes in physiological conditions. However,
most viruses infect human hosts at body temperature, 37°C, in
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FIG. 7. Blood antigens on binding of rtUEV to D-Caco-2 cells.
(A} D-Caco-2 cell monolayers were incubated with **S-labeled rUEV
in the presence of increasing concentrations (1 to 100 pg/ml) of blood
group H disaccharide, blood group A trisaccharide, or blood group B
trisaccharide. The cells were washed, and the radioactivity of the cells
was measured. (B) D-Caco-2 cell monolayers were pretreated with
increasing concentrations (0 to 10 mU/ml) of a1.2-fucosidase for | h at

37°C betore 15 pg of S-labeled rUEV was added. The radioactivity of

the cells was then measured. Control values in the absence of the
enzyme ranged from 190 to 710 cpm. The experiments were performed
in triplicate and were reproduced at least twice. The plotted data
represent the means (error bars, standard deviation ranges).

vivo. Interestingly, *3S-labeled rUEV associated equally to In-
testine 407 and CHO cells at both 4 and 37°C (data not shown).
In contrast, **$-labeled rUEV bound neither to U-Caco-2 nor
D-Caco-2 cells at 37°C (data not shown). In early studies using
coxsackievirus B3 and poliovirus, more than 50% of the cell-
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FIG. 8 Heparinase 1 treatment of several cell lines and the binding

of rTUEV. CHO, HelLa, A549, Vero, and TnS cell monolayers were

pretreated with heparinase 1 (20 Uimly for 1 h, and 15 pg of *S-

labeled vUEV was added. After the cells were washed, the radioactivity

of the cells was measured. The experiments were performed in tripli-

cate and were reproduced at least twice. The plotted data represent the
means {error bars, standard deviation ranges).
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FIG. 9. Effects of heparin and heparinase 1 on GI VLP adsorption
to Intestine 407 cells. Intestine 407 cell monolayers were incubated
with **S-labeled rSEV (A) or ¥S-labeled rFUV (B) in the presence of
increasing concentrations (0, .05, 0.25. 0.5, and 2.5 pg/ml) of heparin.
Cells were also preincubated with heparin af a concentration of 2.5
pg/ml before being incubated with 15 pg of “S-labeled rSEV (A) or
*3S-labeled rFUV (B), and the radioactivity of the cells was measured
(columns labeled Pre). In another experiment. the cells were treated
with heparinase I (20 U/mi) for 1 h before 15 pg of ¥S-labeled rSEV
(A) or ¥S-fabeled rFUV (B) was added (Hep 1). Control values in the
absence of heparin or the enzyme ranged from 80 to 95 cpm. The
experiments were performed in triplicate and were reproduced at least
twice. The plotted data represent the means (error bars, standard
deviation ranges).

associated viruses were shown to be eluted from the cells at
37°C (13, 35), and a recent kinetic analysis suggested that the
poliovirus receptor functions like an enzyme (74). These ob-
scrvations raised two different possibilities regarding the inter-
action between heparan sulfate and VLPs: (i) heparan sulfate
is only activated in the company of a Caco-2 cell-specific com-
ponent, or (ii) the temperature sensitivity of heparan sulfate
glycosaminoglycan of Caco-2 cells differs from that of other
cell lines. Some ligand-heparan sulfate interactions require a
particular structure of heparan sulfate (11). Further investiga-
tion will be required to resolve this issue.

In this study, we demonstrated that cell surface heparan
sulfate could efficiently associate with GIT NV. Intestinal gly-
cosaminoglycans are likely to be associated with NV infection,
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since abundant glycosaminoglycans are observed in the human
intestine (73). It is also likely that the binding of NV to gly-
cosaminoglycans serves merely to concentrate the virus on the
cell surfdce, such that binding to another receptor is facilitated
(81). Alternatively, the binding of a virion component with
glycosaminoglycans is necessary for a virion-cell interaction,
e.g., the interactions observed in neural cells (12, 84). It is
unclear whether heparan sulfate functions as the NV receptor,
because the expression of heparan sulfate does not always
support viral infection (54, 68). Further investigation will be
needed to identify the NV receptor.

In a recent study, we found that histone H1 inhibits the
binding of NV VLPs to the mammalian cell surface by associ-
ating with both VLPs and the cell surface (70). Various inter-
actions between histones and the glycosaminoglycans in the
nuclei and those on the cell surface have been described (8, 9,
17, 76, 79). Such findings, in combination with our data, sug-
gest that histone H1 may directly bind cell surface heparan
sulfate and consequently block the binding of NV to the cell
surface.
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We have developed an assay for the detection of Norwalk-like viruses (NLVs) based on reverse transcription-
PCR (RT-PCR) that is highly sensitive to a broad range of NLVs. We isolated virus from 71 NLV-positive stool
specimens from 37 outbreaks of nonbacterial acute gastroenteritis and sequenced the open reading frame 1
(ORF1)-ORF2 junction region, the most conserved region of the NLV genome. The data were subjected to
multiple-sequence alignment analysis and similarity plot analysis. We used the most conserved sequences that
react with diverse NLVs to design primers and TagMan probes for the respective genogroups of NLV, GI and
GII, for use in a real-time quantitative RT-PCR assay. Our method detected NLV in 99% (80 of 81) of the stool
specimens that were positive by electron microscopy, a better detection rate than with the two available
RT-PCR methods. Furthermore, our new method also detected NLV in 20 of 28 stool specimens from the same
NLV-related outbreaks that were negative for virus by electron microscopy. Our new assay is free from
carryover DNA contamination and detects low copy numbers of NLV RNA. It can be used as a routine assay
for diagnosis as well as for elucidation of the epidemiology of NLV infections.

The Norwalk-like viruses (NLVs), members of the family
Caliciviridae, are major causes of acute nonbacterial gastroen-
teritis and a major public health concern. NLV infections often
result from ingesting contaminated food (14, 30), such as oys-
ters (4. 8) and water (3, 33), or by person-to-person transmis-
sion in semiclosed communities, such as hospitals (35), schools
(20), nursing homes (18). and cruise ships (12).

The major obstacle in the laboratory diagnosis of NLV in-
fection is the lack of a tissue culture system f{or propagating the
viruses. Therefore, electron microscopy (EM) has been rou-
tinely used (5) to detect NLV particles in stool specimens.
However, the sensitivity of EM detection is low, requiring at
least 10° viral particles per ml of stool.

Reverse transcription-PCR (RT-PCR) has been increasingly
used for detection of viruses and would be an attractive alter-
native for NLV detection. The key to an efficient RT-PCR
assay is finding conserved sequences to use as PCR primers.
The great sequence diversity of the NLV génome has made
this a challenging undertaking. Primers for previous assays
have been taken from open reading frame 1 (ORF1) of the
RNA-dependent RNA polymerase (RdRp) gene (1. 2, 9, 13,
15. 26, 27, 31, 37) or from ORF2 of the capsid protein gene (6,
10, 11, 13. 28, 38, 39).

Recently, we reported genogroup-specific primer sequences
in the capsid gene (21). With those primers, our assay had a
higher detection rate and allowed further differentiation of
strains when the PCR products were sequenced. However, not
all EM-positive stool specimens were positive by this RT-PCR.

* Corresponding author. Mailing address: Section of Infectious Dis-
case, R&D Center, BML, Matoba 1361-1. Kawagoe, Saitama 350~
1101, Japan. Phone: 81-49-232-0440. Fax: 81-49-232-3480. E-mail:
tkage@ alk.co.jp.
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In this study, we sought to improve the primers. We explored
sequences at the ORFI-ORF2 junction, the most conserved
region in the NLV genome (19), and established an NLV
detection assay for routine use with real-time quantitative RT-
PCR.

MATERIALS AND METHODS

Stool specimens and examination by EM. Stool specimens were obtained from
210 symptomatic individuals from 37 outbreaks of nonbacterial acute gastrocn-
teritis in Saitama Prefecture. Japan, between January 1997 and March 2000, The
outhreaks occurred in a variety of settings, including restaurants, nursery schools,

hotels, schools, dormitories, residences, and 4 nursing iome. All stool specimens
were examined by EM. NLVs were identified as round granular particles with a
diameter of ~35 nm. a ragged edge, and an amorphous surfuce appearance,
according to described criteria (5). Screening by EM revealed NLV purticles in
110 stool specimens from the 210 patients.

RNA extraction from stool specimens. A 107 (wt/vol) stool suspension was
prepared with distilled sterile water and clarified by centrifugation at 3,000 X g
for 20 min. Viral RNA was extracted from 140 pl of & 107 stool suspension with
a QlAamp viral RNA kit (Qiagen. Valencia, Calif.} according to the manufac-
turer's instructions. RNAs were eluted with 60 ul of diethyl pyrocarbonate-
treated water and kept at —80°C until used in RT.

PlotSimilarity analysis. We used the complete genome sequences of 14 NLVs,
Five were previously described, including Nowalk/68 virus (16}, Southampton
virus (22), strain BSS (32), Camberwell virus (34), and Lordsdale virus (7). Nine
others resulted from our own work, including the NLV genogroup 1 (GI) strain
SzUG! and the NLV GH strains Saitama UL, U3 UL Ule, U7, UILS. U201, and
U25 (19). These full-length sequences were analyzed to generate similarity plots
with the PlotSimilarity program of the Wisconsin Sequence Analysis Packuge
version 9 (Genetics Computer Group, Madison, Wis.).

Seqguencing of the ORF1-ORF2 junction regions of NLVs. To amplify the NLV
Gl ORFI-ORF2 junction region. PCR was carried out with o mixture of three
forward primers. GIFF (5-ATHGAACGYCAAATYTTCTGGAC-3", 5-AT
HGAAAGACAAATCTACTGGAC-3'. and S-ATHGARAGRCARCTNTGG
TGOAC-¥ . corresponding to pucleotides [nt] 3075 to 3087 in Norwalk/68). and
a reverse primer. GISKR (21). To amplifv the NLV GI1 ORFI1-ORF2 junction
region, PCR amplification was also performed with a mixture of three forward
primers, G2FB (3-GGHCOCMBMDTTYTACAGCAA-Y, 8-GGHCCMBMDT
TYTACAAGAA-3 . and 5"-GGHCCMBMDTTYTACARNAA-3', correspond-
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FIG. 1. Nucleotide sequences of full-length NLV genomes were analyzed with the PlotSimilarity program of Genetics Computer Group
software. Similarity scores of a 150-nt sliding window were plotted. Four NLV GI strains (SzUGI, Norwalk/68. Southampton, and BS5) (A) and
10 NLV G strains (U1, U3, U4, Ul6, U17, ULB, U201, U25, Lordsdale, and Camberwell) (B) were compared. The locations of the ORFs are
noted. Thick lines depict the most conserved regions. The average similarity score within each genogroup is represented as a dotted line.

ing 1o nt 4922 10 4941 in the Camberwell virus) and a reverse primer. G2SKR
(21). The forward primers were designed by aligning the full-length NLV Gl or
Gl sequences. RT was carried out as described previously (21). Ten microliters
of ¢DNA was added to 40 pl of PCR mixture containing 5 pl of 10X Ex Tag
butfer: 2.5 mM MgCl.; 200 pM (each) dATP, dGTP, d1TP, and dCTP; 20 pmol
of primers: and 2.5 U of Ex Tag DNA polymerase (Takara Shuzou, Kyoto,
Jupan). Conditions for PCR on the GeneAmp PCR system 9600 (Perkin-Elmer,
Welleslev, Mass.) were as follows: initiad denaturation at 95°C for 10 min; 40
amplification cycles with denaturation at 95°C for 30's, annealing at 48°C for 30's,
and extension at 72°C for 2 min; and a final incubation at 72°C for 7 min, The
597-bp NLV GI PCR product corresponded to nt 5075 to 3671 in Norwalk/68,
and the 468-bp NLV GII PCR product corresponded to nt 4922 to 5389 in
Camberwell. The PCR product was cloned into ‘TA-cloning vector p17 Blue
(Novagen, Madison, Wis.), The DNA sequence was determined from at least
three clones with the BigDye terminator cycle seguence kit and ABl 377A
sequencer (Applied Biosystems. Foster City. Calif.),

Conventional RT-PCR assays. A part of the RdRp gene was amplified with
primers MR3 and MR4 for the first PCR (23) and with Yuri22F and Yuri22R
(31) for the nested PCR. The capsid N-terminal’shell (N:S) domain was ampli-
fied with genogroup-specific primer pairs (21). RT-PCR was carricd out as
described previously (21). The PCR products were separated by electrophoresis
in 37 agarose pels and visualized by ethidium bromide staining.

Real-time quantitative RT-PCR. To prevent carrvover contamination by NLV
¢DNA and 1o reduce nonspecific amplification, viral RNA extracted with a
QiAamp viral RNA kit wus treated with DNase 1 before RT, Viral RNA (12.5
ul) was added to a reaction mixture (2.5 pl) containing DNase | buffer (150 mM
Tris-HCT [pH 8.3] 225 mM KCL 9 mM MgCh) and | U of ROl DNase
(Promega Madison, Wis.). The reaction mixture was incubated at 37°C for 30
min to digest DNA and then at 75°C for 5 min to inactivate the enzyme. DNuse
[-trewted RNA (15 pb) was added to 15 gl of another mixture containing 100 mM
Tris-HCEH(pH 8.3). 150 mM KCL. 6 mM MgCly, a | mM concentration of cach
deoxynucleoside triphosphate, 10 mM dithiothreitol. 75 pmol of random hexam-

ers (pdN6; Amersham Pharmacia Biotech, Piscataway, N.J.), 30 U of RNasin
(Promega). and 200 U of SuperSeript 11 RNase H (=) reverse transcriptase
(Gibeo BRE, Gaithersburg, Md.). RT wus performed at 42°C for 2 h, and the
enzyme was inactivated at 70°C for 15 min. ¢cDNA solutions were stored at
=20°C.

The real-time yuantitative RT-PCR was carried out in 50wl of a reaction
mixture containing 5 wl of ¢cDNA, 25 pt of TagMan Universal PCR Master Mix
(Applicd Biosystems) containing dUTP and uracyl N-glycosylase (UNG), a 400
nM concentration of each primer, and either 13 pmol of RINGI(a)-TagMan
Probe (TP) and 5 pmol of RING1{b)-TP fluorogenic probes for NLV GI detec-
tion or 3 pmol of RING2-TP fluoregenic probe for NLV GII detection. PCR
amplification was performed with an ABI Prism 7700 sequence detector (Ap-
plicd Biosystems) under the following conditions: incubation at 50°C for 2 min to
activate UNG, initial denaturation at 95°C for 10 min, and then 45 cycles of
amplification with denaturation at 95°C for 15 s and annealing and extension at
S6°C for | min. Amplification data were collected and analyzed with Sequence
Detector software version L6 (Applied Biosystems).

In each operation. an NLV Gl- or Gll-specific standird curve was generated
by a (0-fold serial dilution (107 to 10" copics) of purificd NLV Gl or GH cDNA
plasmids. Plasmid standards containing PCR products of the ORFI-ORF2 junc-
tion were prepared with strains S2UGT and U201 with primer sets GIFF-GISKR
and G2FB-G2SKR, respectively.

Genome sequences. The following partial und complete genome sequences
were also used in this study: Norwalk/68. GenBunk accession no. M87661;
Southampton.  LO7418: Camberwell. AF145890; Lordsdale, X865357: BSA.
AFD83797: KY-89. 1.23828: Desert Shield, Ut4469; Chiba, ABO42808; Melk-
sham. X8I1879: Hawaii, UO7611 Toronto, U02030; OTH-25, £.23830; Arg320,
AFT90817; Bristol, X76716: Mexico. U22498: Queensarms, AJ313030; and
OCYSNO8, AF3I5812,

Nucleotide sequence accession numbers, The complete nucleotide sequences
of the nine strains (19) were deposited in DDBI with the following accession
numbers: Suitama SzUGT (SZUGH, ABO39774: Saitama U1 (UL, ABN39T75;
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TABLE 1. Detection of NLVs by using conventional RT-PCRs and real-time quantitative RT-PCR with 81 EM-positive stool specimens from
36 outbreaks of nonbacterial acute gastroenteritis

Quthreak Conventional RT-PCR
B Stool code For RdRp" R?;g?{%
No. Mo-yr Place (nesled;) For capsid™ RT-
i Jan.-97 Restaurant Ul + GII GII
u2/ + Gl Gl
2 Feb.-97 Food product U3’ - Gl Gl
u4? - Gl Gl
3 Oct.-97 Nursery school us! + GlI Gl
ue6! + Gl1 GH
u27 + Gl GH
U28 + GII GII
4 Nov.-97 Nursing home uw + Gl Gll
us’ + Gl GII
5 Nov.-97 Food product Uy + GH GIlI
6 Dec.-97 Restaurant U29 + Gl GH
7 Dec.-97 Restaurant U - Gl GII
Ul + Gll Gll
8 Dec.-97 Restaurant U2 + Gl GII
Uiz’ + Gll Gll
9 Jan.-98 Restaurant 30 + GII GH
U3t + Gll Gl + GII
10 Jan.-98 Restaurant U3/ - - -
11 Jan.-98 Hotel U201 + GII Gl
u1s/ + GII Gl
12 Feb.-98 Dormitory uie! + Gl Gll
ulr + GH GII
13 May-48 School u1gd + Gl GIl
u19! + GII Gl
U207/ + Gll Gl
vz + Gli GIl
14 Dec.-98 Restaurant u22¢ + GII Gl
23 + Gli GII
U244 + GH Gl
15 Dec.-98 Restaurant u2s! - - Gl
u26! - - GlI
16 Mur.-99 Hotel KU4/ + Gl GI
KU’ + Gl Gl
Ku7 + Gl Gl
17 Apr.-99 Restaurant KU8! + Gl Gl
KUy’ + Gl Gl
18 Apr.-99 Restaurant Ku1“ - Gl Gl
19 May-99 School KuU174 - Gli Gl '
20 May-99 School Ku24/ - Gl Gl
KU25 - Gl Gl
21 Jun.-99 Hotel Ku34/ + Gl GIl
22 Jun.-99 Food product KU44¢ + Gll Gll

Continued on following page
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TABLE 1—Comtinued

Outbreak Conventional RT-PCR
Stool code . u Rcal-@nq
No. Mo-yr Place For RdRp For capsid™ RT-PCR
A (nested)
23 Oct.-99 Restaurant KU45 - - GII
24 Oct.-99 Nursery school Ku62/ + - GII
KU63! - - Gll
KUo64" - - Gl
KU66Y + - GII
25 Nov.-99 School KU6S! + GlI Gl
26 Nov.-99 Restaurant® KUs! + Gl + GlI Gl + Gl
Kug2/ + GI + Gl GI + GII
KU83’ + GI + GII Gl + Gil
KUg4! + Gl GH
27 Dec.-99 School party KU8s! - Gli Gll
Kusg/ + GII Gil
KURY! + - GII
KU90 + Gl GIl
KU91 + Gl GIl1
28 Dec.-99 School Ku93/ + GIl GII
29 Dec.-99 Restaurant KUos! + Gl Gl
KU99/ - Gl
Kutot! + G1l Gl
30 Dec.-99 Restaurant KU1057 + Gl + GII GI + GII
KU106 + Gl + GlI Gl + GlI
KU 1094 + Gl + Gl Gl + GII
KUt/ - GI + GII Gl + GII
KU12¢ - Gl Gl
KU15¢ - Gl Gl
31 Jan.-00 Food product Kus! + - GI1
32 Jan.-00 Family Ku16? + Gl Gli
33 Juan.-00 Restaurant” Ku1s! + GIl Gl
KU19! + GI + GII Gl + GII
KU26¢ + Gll Gl
KuU27¢ - (€10 Gil
34 Mar.-00 Restaurant Ku31! + - Gll
Ku32/ + - Gl
35 Mar.-00) Restaurant” KU35/ + GH Gli
KU36" + GI + GII Gl + GH
KU37 + - GII
36 Mar.-00 Hotel KU49/ + GI Gl
KU53/ + GIl Gl
Total 81 62 67 80
Detection rate (%) 77 83 99
Y 3. positive: —, negative. Mcthod deseribed in reference 31,
" Method described in reference 21.
CGL GI detected; GHL G detected; —. negative.
 Used for sequence analysis.
“ From shelifish-related outbreak.
Saitama U3 (U3). ABO39776; Saitama U4 (U4), ABO3Y777; Saitama Ul (U16), RESULTS

ABO39778; Saitama L7 (U17). ABO3YT779; Saitama UTR (UIR), ABD3O7SI;
Saitama U201 (L1201), ABO39782: and Saitama U25 (U25), AB039780. The
nucleotide sequences of the ORFI-ORE2 junctions were submitted to DDBE
the accession numbers were ABOSSSTT to ABUSES29 and ABOSRS34 (o
ABO3RSOS,

PlotSimilarity analysis. Our first goal was o identify a stable
region suitable for designing new primers and probes for RT-
PCR amplification. To identify the region with highest similar-
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Norwalk/68. and those of NLV GII were aligned from nt 4981 to 5152 in Camberwell. The strain name and accession number are shown beside its sequence:

425 1in

5

254 to

52

Alignmient of nucleoride sequences and partial predicted amino acid sequences of the ORFI-ORF2 junctions of NLV G1 (A) and GIT (B). The nucleotide sequences of NLV Gl

gned from nt

-

FI1G.

were ali

. 41,2003 REAL-TIME QUANTITATIVE RT-PCR ASSAY FOR NLVs 1553

ity, PlotSimilarity was used to analyze full-length NLV GI
sequences, including those of SzUGI, Norwalk/68, Southamp-
ton, and BS5 (Fig. 1A), and NLV GII sequences, including
those of U1, U3, U4, Ule, U17, U18, U201, U25, Lordsdale,
and Camberwell (Fig. 1B). The highest nucleotide similarity
score was found in the ORF1-ORF2 junction region (the C-
terminal RdRp to the N-terminal capsid) (19). We selected
this region, corresponding to nt 5250 to 5530 in Norwalk/68
(GI) and to nt 4980 to 5260 in Camberwell (GII), as a prom-
ising candidate for the design of real-time quantitative RT-
PCR primers and probes.

Nucleotide sequences of ORFI-ORF2 junction regions from
71 strains. To confirm that it is highly conserved within each
genogroup, we sequenced the ORF1-ORF2 junction regions of
NLVs isolated from 71 stool specimens (Table 1). We used
RT-PCR and primer sets GIFF-G1SKR and G2FB-G2SKR to
amplify the NLV GI and GII ORF1-ORF2 junction regions,
respectively. All sequences of the ORF1-ORF2 junction region
were determined from at least three clones. The ¢cDNA se-
quences for 70 samples were submitied to DDBIJ (see Materi-
als and Methods). Only one stool specimen, stool code U32,
was not amplified by this RT-PCR.

Multiple alignment of the ORFI-ORF?2 junction region was
performed on cach genogroup and with available sequences in
the database (Fig. 2). Some stool specimens appeared to con-
tain both NLV GI and GII sequences (e.g., KUSO and KU1Y)
(Fig. 2). Four stool specimens (i.e., KU4, KU80, KU105, and
KU19) contained two or more NLVs with sequence variants
belonging to the same genogroup (Fig. 2). Multiple alignment
of the ORFI-ORF2 junction region revealed that the most
highly conserved nucleotide sequences were nt 5279 to 5381
(102 bases) with respect to Norwalk/68 virus (M87661) among
NLV GI and nt 4988 to 5108 (120 bases) with respect to
Camberwell virus (AF145896) among NLV GII. In this region,
the nucleotide identitics within the genogroups were 88 1o
1009 and 86 to 100%, respectively. Interestingly, 20 nt (nt
5357 to 5376 in Norwalk/68) or 21 nt (nt 5080 to 5100 in
Camberwell) overlapped by ORF1 and ORF2 exhibited a per-
fect match within NLV GI or GII, respectively.

Development of real-time quantitative RT-PCR. We de-
signed genogroup-specific primer sets and fluorescent probes
in the NLV ORF1-ORF?2 junction region for use in real-time
quantitative RT-PCR. The primer pair COGIF-COGIR and a
mixture of fluorescent probes, RING1(a)-TP and RINGI1(b)-
TP, were used to detect NLV GI. The primer pair COG2F-
COG2R and the fluorescent probe RING2-TP were used to
detect GIT NLVs. The locations of the primers and fluorescent
probes are illustrated in Fig. 2, and the nucleotide sequences
are shown in Table 2.

To determine the dynamic range of the real-time quantita-
tive RT-PCR, we generated standard curves with 10-fold serial
dilutions of NLV GI and GH standard plasmids (from 107 to
10" copies) (Fig. 3). The amplification curves shifted to the
right as the initial amount of the plasmid was reduced (Fig. 3A
and B). Wc constructed standard curves of the threshold eycle
(Ct) of the NLV GI and GII standard plasmid against the
amount of plasmid (Fig. 3C and D). The correlation betwcen
the Ct and the amount of target template was good between
107 and 10" copies. Cross-reactivity between GI and GII was
not observed when the plasmid standards were used.

ned primers and probes, respectively, used in this study.

a lowercase letter in the strain name indicates a different clone from the same stool specimen. Some strains with identical sequence are omitted from the figure. The conserved amino acid

scquences of NLV Gl ORF1 are indicated above the sequences between nt 5279 and 5371 in Norwalk/68, and those of ORF2 are indicated hctwccq nl.SSSS and 3381. Tllc cgn.scrvcd umi‘no
actd sequences of NLV GIT ORF1 are indicated above the nuclcotide scquences between nt 4988 and 5101 in Camberwell, and those of ORF2 are indicated between nt 5085 and 5108, The

asterisks below the alignment show consensus nucleotide sequences. Arrows and double lines show locations of newly desi
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TABLE 2. Primer and probe oligonucleotides used for real-time quantitative RT-PCR

Genogroup Primer or probe Sequence (5' — 3" Polarity” Location
Gl Primer COGIF CGYTGGATGCGNTTYCATGA + 5291¢
Primer COGIR CTTAGACGCCATCATCATTYAC - 5375¢
Probe RING{(a)-TP FAM-AGATYGCGATCYCCTGTCCA-TAMRA! - 5340¢
RING1(b)-TP FAM-AGATCGCGGTCTCCTGTCCA-TAMRA - 5340¢
Gl Primer COG2F CARGARBCNATGTTYAGRTGGATGAG + 5()03’.
Primer COG2R TCGACGCCATCTTCATTCACA - 5100
Probe RING2-TP FAM-TGGGAGGGCGATCGCAATCT-TAMRA + 5048/

“ Mixed bases in degenerate primers and probes are as follows: Y, C or T; R, A or G; B, not A: N, uny,

7 4+ virus sense; —, anti-virus sense.
“ Mixed probes are used for the GI NLVs.

@ 6-Carboxyfluorescein (FAM) as the reporter dye is coupled in the 5” end of the oligonucleotide, and 6-carboxy-tetramethylrhodamine (TAMRA) as the quencher

dye is coupled in the 3’ end of the oligonucleotide.
¢ Corresponding nucleotide position of Norwalk/68 virus (ac

ession no. M87661) of the 57 end.

I Corresponding nucleotide position of Camberwell virus (accession no. AF145896) of the 5 end.

Quantitative detection of NLV RNA, Real-time quantitative
RT-PCR was used to detect NLV RNAs from 81 EM-positive
stool specimens for evaluation {Table 1). NLV RNA was de-
tected in 80 (999¢) of 81 stool specimens, whereas conventional
RT-PCR detected NLV in 62 of 81 stool specimens (77%) for

(Table 1). All three RT-PCR methods failed to detect NLV
RNA from stool code U32.

Of 80 real-time quantitative RT-PCR-positive and EM-pos-
itive stool specimens, nine contained NLV G1 viruses and 61
contained NLV GII viruses. Interestingly, 10 stool specimens

the RdRp and in 67 of 8L (83%) for the capsid N/S region (U31, KU80, KUS82, KU83, KU103, KU106, KU109, KU1I1,

A ) Ct (copy number) C
L5 5 O 17.03 (1.0x107) Slope -3.408 cycles/logiu decade
40
—e— 20.01 (1.0x10%)
Lo | —o— 23.87 (1.0x10%) P
1)
s —a— 27.06 (1.0x10% g‘ 30— r=0.995
< & 31.05(1.0x10) 2 25
[+]
057 —e— 3473 (1.0x10% £ 20
—o— 36.62(1.0x10" 5
. T T, T T, T, 1
o: —&— negative 10 100 10 10 10° 10° 10’
Target Amount (copies)
Ct (copy number)
. D Slope -3.417 cycles/logio decade
—O—  15.33(1.0x107) 40
—o— 18.21(1.0x10% 35 \§\
—0— 21.60(1.0x10% 2
\ 2 30 -
—8—  25.53 (1.0x10% B r=0.998
[=]
Ny
——  29.07 (1.0x10%) K B
o=
—e— 3233 (1.0x10% £ 20—
—o— 35.31 (1.0x10") 15
Il l?. ]3 |4 IS |6 T7
negative 10" 100 100 10° 10° 10° 10

Target Amount (copies)

Cycle numbers

FIG. 3. Realtime RT-PCR quantification of NLV GI and G standard plasmids. (A and B) Amplification plots of fluorescence intensities
(ARn) versus the PCR cycle numbers are displayed for serial J0-fold dilutions of standard plasmids (107 to 10" copy equivalents per reaction) for
NLV GI (A) and GlI (B). Each plot corresponds to a particular input target quantity marked by a corresponding symbol. Results are the average
of those from three reactions. {(C and D) Relationship of known numbers of NLV GI (C) and GII (D) standard plasmids to the threshold cycle
(Ct). The Ctis direetly proportional to the log of the input copy equivalents, as demonstrated by the standard curve. Results are the average of
those from three reactions. and error bars indicate standard deviations.



