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Summary. Noroviruses (NoVs) belong to the genus Norovirus and are members
of the family Caliciviridae. NoVs are the dominant cause of outbreaks of gastroen-
teritis, but progress in understanding the molecular characteristics of NoV and its
replication strategies have been hampered by the lack of a cell culture system or a
practical animal model, except for murine NoVs. To elucidate the transcription and
replication of the NoV genome, a complete genome of a human NoV genogroup II
strain was cloned downstream of a T7 RNA polymerase promoter and expressed
in human embryonic kidney (HEK) 293T/17 cells using a T7 vaccinia virus
expression system. Bands for a 7.6-kb negative-strand RNA, a 7.6-kb positive-
strand genomic RNA, and a 2.6-kb positive-strand subgenomic-like RNA were
found in the infected cells. However, recombinant capsid protein (rVP1) and rVP2
were not detected by Western blotting. When a construct containing VP1 and VP2
genes was co-transfected with a full-length construct, the expression of virus-
like particles (VLPs) with a buoyant density of 1.271 g/cm? was observed. We
also observed round particles, 20 to 80 nm in diameter, with a buoyant density of
1.318 g/em?. Our results indicated that NoV RNA was incorporated into the heav-
ier particles. However, further studies are needed to investigate the antigenicity of
these particles and to determine if they represent undeveloped VLPs.

Introduction

Noroviruses (NoVs) belong to the genus Norovirus and are members of the
family Caliciviridae. NoVs are the dominant cause of outbreaks of gastroenteritis
worldwide, usually via the contamination of foods such as oysters, shellfish,
ice, and person-to-person transmission [18, 24]. Although the symptoms, which
include nausea, vomiting, and diarrhea, are self-limiting, infected children may
be hospitalized and require the use of intravenous therapy [10, 11]. As such, a
vaccine for NoV has been developed but has yet to be approved [1, 2].

The NoV genome consists of a positive-sense, single-stranded RNA of approx-
imately 7.6kb in length that is organized in three open reading frames (ORFs).
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Open reading frame 1 (ORF1) encodes non-structural proteins, including
N-terminal protein (N-term), NTPase, 3A-like protein (3A-like), genome-linked
viral protein (VPg), 3C-like protease (Pro), and RNA-dependent RNA polymerase
(RdRp). ORF2 encodes the major capsid protein (VP1), and ORF3 encodes a
small protein (VP2) associated with VP1 stability. To date, all laboratory efforts
to cultivate human NoV have failed [7], but expression of the recombinant VP1
(rVP1) in insect or mammalian cells can result in the formation of virus-like
particles (VLPs) that are morphologically similar to native NoV [3, 5, 13, 14, 16,
28, 31]. These studies have provided valuable information, including the high-
resolution atomic structure and information on antigenicity among the strains and
binding factors. However, it remains unclear how similar these VLPs are to native
NoV [27]. In recent studies murine NoV was successfully cultured in cultured
dendritic cells and macrophages, providing the first model for a NoV [19, 33].

The three other genera of the family Caliciviridae are Sapovirus, Lagovirus,
and Vesivirus, which include sapovirus (SaV), rabbit hemorrhagic disease virus
(RHDV), and feline calicivirus (FCV) strains, respectively. Porcine SaV (PEC
strain) and FCV can be grown in culture systems, although after the PEC strain
was adapted to cell culture, several amino acid substitutions in the genome were
detected [8, 26, 30].

The purpose of this study was to express human NoV in cultured human
embryonic kidney (HEK) 293T/17 cells using a number of different constructs,
including a full-length construct (pT7U201F) that was designed to produce RNA
identical to the genomic RNA and a construct with only ORF2 and ORF3 genes
(pT7U201-ORF23), which could be analogous to the subgenomic RNA.

Materials and methods

Design of expression constructs

NoV strain U201 (accession number AB067542) was isolated from an outbreak of gas-
troenteritis in 1998 [20]. The U201 strain belonged to NoV genogroup II (GII/3; Mexico
cluster), and the full-length sequence was determined. To develop the expression constructs
we extracted the RNA as previously described [20]. All amplifications were performed using
KOD Plus polymerase (Toyobo, Osaka, Japan), and the primers are listed in Table 1. cDNA
was synthesized with Tx30SXN primer and Superscript Il reverse transcriptase according
to the manufacturer’s instructions (Invitrogen, Carlsbad, CA). A single PCR fragment of
7.6kb was amplified with sense primer U201-1S30 and antisense primer Tx30SXN, and
then cloned into pCR-Blunt-II-TOPO vector (Invitrogen). This plasmid was designated pCR-
Blunt-U201-F, which contained the full-length genome of U201. Several amplification and
cloning steps were performed in order to produce a full-length expression construct having
a T7 RNA polymerase promoter at the 5’ end and an HDV ribozyme and a T7 terminator
at the 3’ end. Briefly, the 5’ end of pCR-Blunt-U201-F was amplified with sense primer
NKT7-U201-1S30 and antisense primer U201-3852A. This fragment was digested with Norl
and Ndel restriction enzymes; the corresponding fragment was termed I (U201 contained
a unique Ndel site at position 3538). Next, we amplified the 3’ end of pCR-Blunt-U201-F
plasmid with sense primer U201-6405S and antisense primer Ribo24-Tx30-U201end23A; the
corresponding fragment was termed II. We then amplified HDV ribozyme and T7 terminator
sequences from the pT7HCV09Luc plasmid [34] with sense primer Ribo1S24 and antisense
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Table 1. Primers used to design the constructs

Name Sequence (5" to 3') Description

Tx30SXN GACTAGTTCTAGATCGCGAGCGGCCGCCC RT-PCR
I'TITTITITITTITITITITTITITTITITTI

U201-1830 GTGAATGAAGATGGCGTCTAACGACGCTTC Amplification

NKT7-U201-1S30

U201-3852A
U201-6405S

Rib024-Tx30-
U201end23A

Ribo1S24
T7term-MluAsc-A

MUTforward

MUTreverse

ORF2forward

ORF3forward

U201-5051S
U201-5391A

AATCGAATTCAAGCGGCCGCGGTACCGCGG
CCGCGGTACC TAATACGACTCACTATA
GTGAATGAAGATGGCGTCTAACGACGCTTC

CCCTCAAGAGTGGCTTCACCTTCG
CAGCTACTTTTCTTCCGATCACAGCTG

GAGGTGGAGATGCCATGCCGACCCTTTTT
ITTTTTTTTTTITTITITITTTTTTTITAAAA
GATTCTAAATCAAATTTAG

GGGTCGGCATGGCATCTCCACCTC

AGGCGCGCGCCACGCGTTCCTITCAGCAA
AAAACCCCTCAAG

TAGGCACAACACCAGGTGACEGTGGGTGCC
GTCACCTGGTGTTGTGCCTAGGTCCATGCT
GGGGTACC TAATACGACTCACTATAGGGGT
GAATGAAGATGGCGTCGAATGACGCTG

GGGGTACC TAATACGACTCACTATAGGGGATT

CAATAATGGCTGGAGCTTTTATAGCAGG
CATGGGAGGGCGATCGCAA
CCTGCATAACCATTGTACAT

Notl and Kpnl restriction enzyme
sites (underlined) and a T7 promoter
site (double underlined)

Amplification
Amplification

24 nucleotides of the HDV ribozyme
sequence (underlined)

Amplification

MIul site restriction enzyme
(underlined)

Mutagenesis (change from c to g)
Mutagenesis

Kpnl restriction enzyme site
(underlined) and a T7 promoter site
(double underlined)

Kpnl enzyme site (underlined) and a
T7 promoter (double underlined)
Detection of RNA

Detection of RNA

primer T7term-MluAsc-A; the corresponding fragment was termed III. After fragments II
and III were joined in a primer-less PCR (using the 24-base overlap in primer Ribo24-Tx30-
U201end23A), we digested the 5’ and 3’ ends with PfIMI and Miu] restriction enzymes; the
corresponding fragment was termed IV. Next, pCR-Blunt-U201F was digested with NosI and
cloned into a previously Notl-digested modified pMT1 vector. Since this vector is a low-copy
plasmid, the number of nucleotide mutations would be reduced when expressed [22]; the
corresponding plasmid was termed pT7U201F/MT1. Next, pT7U201F/MT1 was digested
with Kpnl and Ndel restriction enzymes and fragment I was inserted; the corresponding
plasmid was termed pT7U201F/MT1 +1, which contained the full-length U201 and a T7
promoter at the 5’ end. Plasmid pT7U201F/MT1 +1 was digested with PfIMI and Mlul
restriction enzymes and fragment IV was inserted; the corresponding plasmid was termed
pT7U201F, which contained a T7 promoter at the 5’ end and an HDV ribozyme and a T7
terminator at the 3’ end. This plasmid (pT7U201F) is able to generate the full-length U201
RNA when bacteriophage T7 RNA polymerase is provided. The pT7U201F also served as a
template for the development of four other NoV expression constructs. We designed a second
full-length construct with a mutation in the protease “GDCG” motif (termed pT7U201F-
Pro/m) in which an amino acid residue was changed from GDCG to GDGG (shown in
bold), thus generating polyproteins with no protease activity. This was accomplished using
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I HN-tcm NTPase 3A-like VPg Protease RdRp t::}—mmmf%-
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Fig. 1. The genomic organization of the NoV U201 strain, indicating the positions of the
ORF1 genes (N-term, NTPase, 3A-like, VPg, Protease, and RdRp), the ORF2 gene (VP1), and
the ORF3 gene (VP2). The schematics of the expression constructs are based on the genomic
organization of U201: pT7U201F (genomic-like-RNA); pT7U201-ORF23 (subgenomic-
like-RNA); pT7U201-ORF3 (VP2 gene only); pT7U201F-Pro/m (mutated-protease gene);
pT7U201-ORF1/IGFP (disrupted RdRp gene); pT7GFP (GFP control); and pT7IGFP
(IGFP control)

BTG
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a Genetailor site directed mutagenesis kit (Invitrogen) with sense primer MUTforward and
antisense primer MUTreverse. We designed a third full-length construct with an EMCV-
IRES and a GFP gene (termed pT7U201F-ORF1/IGFP), which was from the pIRES2-EGFP
plasmid (Clontech, Palo Alto, CA). In this construct, the RdRp region (nucleotide position
2518 to 3859) was disrupted using Xhol and Xbal sites, so that an IRES-dependent GFP
signal was detectable when RNA was generated by T7 RNA polymerase. We designed a
construct with only ORF2 and ORF3. For this construct, the region from ORF2 to the 3’ end
of the genome was amplified with sense primer ORF2forward and antisense primer T7term-
MluAsc-A. This fragment was cloned into modified pMT1 using the Kpnl and Mlul site;
the corresponding plasmid was termed pU201-ORF23. We designed a construct with only
ORF3. For this construct, the region from ORF3 to the 3’ end of the genome was amplified
with sense primer ORF3forward and antisense primer T7term-MluAsc-A. This fragment was
cloned into modified pMT1; the corresponding plasmid was termed pT7U201-ORF3. All
NoV constructs had a T7 RNA polymerase promoter at the 5’ end, whereas at the 3 end,
all constructs had a poly(A) tail, an HDV ribozyme, and a T7 terminator (Fig. 1). We also
designed two control plasmids to monitor either cap-dependent or cap-independent translation
of EGFP (EGFP and IRES-EGFP, respectively). EGFP and IRES-EGFP were amplified from
pIRES2-EGFP and cut out with restriction enzymes. After a blunt-end reaction, the EGFP
and IRES-EGFP fragments were cloned into pPGEM4Z plasmid; the corresponding plasmids
were termed pT7GFP and pT7IGFP, respectively. All clones were confirmed by sequencing.

Cells and expression of constructs

The human embryonic kidney (HEK) 293T/17 cells (293T) were purchased from the American
Type Culture Collection, Rockville, MD, and maintained in Dulbecco’s minimum essential
medium (DMEM) containing penicillin (250 U/ml), streptomycin (250 g/ml), and 10%
heat-inactivated fetal bovine serum (FBS) (Invitrogen). Two days before the superinfection,
2.0 x10° cells were put into a 35 mm dish and were grown in DMEM. The vTF7, a vaccinia
virus recombinant that expresses the T7 polymerase (kindly provided by Bernard Moss,
National Institutes of Health, Bethesda), was propagated as previously described [29]. 293T
cells were infected with vIF7 at room temperature for 1 h at a multiplicity of infection (MOI)
of 0.1. After infection, transfection of plasmid(s) was performed with Effectene transfection
reagent as recommended by the supplier (QIAGEN, Valencia, CA).

Purification of VLPs

The culture medium and cells were harvested at 6, 12, 24, 48, and 72h post-infection
(hpi). The culture medium was collected and centrifuged for 10 min at 3,000 x g, and then
further centrifuged for 1 h at 20,000 x g. The proteins in the supernatant were precipitated
by ultracentrifugation for 3h at 30,000 rpm (Beckman SW32Ti rotor) and resuspended in
OptiMEM serum-free medium (Invitrogen). The cells were removed with a cell scraper and
resuspended in OptiMEM medium. The proteins in the cells were released by freeze/thawing
(three times) and then prepared as described above.

SDS-PAGE, Western blotting, Northern blotting,
electron microscopy, and RT-PCR

A panel of antibodies specific for NoV non-structural proteins, consisting of N-term, NTPase,
3A-like, VPg, Pro, and RdRp, was prepared as described previously [25]. SDS-PAGE, Western
blotting, Northern blotting, and electron microscopy (EM) were performed as described
previously [12]. RNA was extracted from the VLPs using Isogen solution (WAKO, Osaka,
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Japan) and was detected with the U201-specific sense primer U201-5051S and antisense
primer U201-5391A as described previously {17, 21].

Large-scale expression of VPI

Four 6-well culture plates were used for large-scale expression of VLPs with VIF7 super-
infection. The cultured cells were transfected with pT7U201F and pT7U201-ORF23 and
then harvested at 48 hpi. VLPs were purified as described above but resuspended in 100 pl
OptiMEM, followed by CsCl equilibrium gradient ultracentrifugation (1.34 glem?) for 40h
at 45,000 rpm at 10°C (Beckman SW-55Ti rotor). Two hundred microliters was collected
from the bottom of the tube (22 fractions in total). Each fraction was concentrated for 3h at
50,000 rppm (Beckman 55Ti rotor) and then resuspended in 20 1 of OptiMEM and treated
with RQ1 DNase and RNase A (Sigma, St. Louis, MO).

Immunofluorescence analysis

293T cells grown in 4-well tissue culture plates were infected with vTF7, transfected with
plasmid DNA, and then fixed with 4% paraformaldehyde (PFA) at 6, 12, 24, 48, and 72 hpi
for immunofluorescent (IF) staining. Cells were permeabilized in 0.1% Triton X-100 for
10 min prior to the addition of the antibodies. Following washing with PBS (pH 7.4), purified
rabbit IgG fraction specific for the VP1 (dilution 1:4,000) or anti-VPg monoclonal antibody
(MoAb) (1 pg/ml; which was produced by E. coli expressed recombinant GST tagged fusion
VPg protein, following the position at anti-VPg MoAb) was added and incubated at room
temperature between 3 and 12h at 4°C. The wells were washed three times with PBS,
and fluorescein isothiocyanate (FITC)-conjugated, affinity-purified goat antibody to rabbit
IgG (dilution 1:20) (Invitrogen) was added in order to detect the primary VP1 antibody. To
detect anti-VPg MoAb, affinity-purified Alexa Fluor 568-labeled goat antibody to mouse IgG
(dilution 1:200) (Invitrogen) was used. For detection of primary antibody binding, slides were
incubated in the dark for 1 h with FITC-labeled, affinity purified Alexa Fluor 568-labeled goat
antibodies to guinea pig IgG (1:200) (Invitrogen). In addition, 4,6-diamidino-2-phenylindole
dihydrochloride hydrate (DAPI) (Invitrogen) was used for staining of the nuclei. The slides
were washed twice with PBS and then once with distilled water. One drop of antifade reagent-
mounting mixture (Invitrogen) was placed on the center of each slide after staining, a coverslip
was added, and the mounting agent was allowed to dry. After sealing, the slides were stored
at room temperature. Images were collected using a 63 water immersion objective, zoom
1 or 2, on a Zeiss LSM 510 confocal microscope (Carl Zeiss, Jena, Germany) by argon-
krypton laser excitation at 488 nm for FITC (green) and 568 nm for Alexa-Fluor (red). The
UV fluorescence for DAPI (blue) was excited using an argon laser (364 nm). The images were
analyzed in Adobe Photoshop (Adobe Systems Incorporated, San Jose, CA).

Results
Expression in 293T cells

The expression of the NoV constructs in 293T cells was analyzed with a panel of
purified rabbit IgG antisera that were raised against E. coli-expressed recombinant
ORF1l-encoded proteins: rN-term (amino acids 1-169 of the ORF1), tNTPase
(amino acids 488-699), r3A-like (amino acids 702-878), rVPg (amino acids
879-1011), rPro (amino acids 1012-1192), and rRdRp (amino acids 1193-1707),
rVP1 (complete length of the ORF2), and rVP2 (complete length of the ORF3).
Samples were collected at 6, 12, 24, 48, and 72 hpi, and equal volumes were
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Fig. 2. Expression of NoV constructs was analyzed by antisera that were raised against the
E. coli-expressed ORF1 proteins (N-term, NTPase, 3A-like, VPg, protease, and RdRp), the
ORF?2 protein (VP1), and the ORF3 protein (VP2), corresponding to 37, 38, 22, 20, 18,
56, 60, and 27 kDa, respectively. Equal volumes of samples collected 24 hpi were loaded into
separate wells of a 5-20% gradient polyacrylamide gel. All ORF1 proteins were detected with
the pT7U201F construct. A single polyprotein of 189kDa was detected for the pT7U201F-
Pro/m construct. The control pT7U201F-ORF1/IGFP construct showed no signals against
any of these antibodies

loaded into separate wells of a 5-20% gradient polyacrylamide gel. For the full-
length construct (pT7U201F), each of the ORF1-encoded proteins, i.e., rN-term,
rNTPase, r3A-like, rVPg, rPro, and rRARp was detected, as 37-kDa, 38-kDa, 22-
kDa, 20-kDa, 18-kDa, and 56-kDa bands, respectively (Fig. 2, shown at 24 hpi).
For the mutated-protease construct (pT7U201-F-Pro/m), a single polyprotein of
189 kDa, which corresponded to the estimated product size of the ORF1-encoded

—247—



1298 K. Katayama et al.

polyprotein, was detected with the N-term, NTPase, 3A-like, VPg, Pro, and RdRp
antisera. The control GFP pT7GFP construct showed no signals against any of
these antibodies (data not shown). These results indicated that the ORF1-encoded
protein was cleaved by the viral protease, since cleaved ORF1 proteins were not
detected with the mutated-protease construct (Fig. 2a). Western blot analysis also
revealed several precursor proteins with the pT7U201F construct. A precursor
protein of 73kDa was detected with the N-term and NTPase antisera; however,
the 73-kDa band intensities were weaker than those of the rN-term and rNTPase
proteins (37 and 38kDa, respectively). A 33-kDa band detected with the N-term
antisera was not further characterized in this study. Precursor protein bands of
36 kDa were detected with the 3A-like and VPg antisera. The band intensity of the
36-kDa and r3A-like (22-kDa) proteins were similar, whereas the band intensity of
the 36-kDa protein was greater than that of the r'VPg protein (20 kDa). Surprisingly,
matured products appeared weakly at 6 hpi, and then the signal intensity increased
over time, except in the case of r3A-like and rVPg (data not shown). In particular,
the rPro-RdRp precursor was not detected in our system. These results suggested
that cleavage of the 36 kDa precursor protein was slower than that of the 73-kDa
precursor protein.

The rVP1 was only expressed with the pT7U201-ORF23 construct, as seen by
the band of 60 kDa. The rVP2 was expressed with both the pT7U0201-ORF23 and
pT7U201-ORF3 constructs, as seen by the bands of 27 kDa (Fig. 2b). NeitherrVP1
nor rVP2 was detected with the pT7U201F construct. Following these results, we

a Culture medium Cell

6 12 24 48 72 6 12 24 48 72

60 k
aVPi
b Culture medium Cell
6 12 24 48 72 6 12 24 48 72
27k

aVP2

Fig. 3. The time-course expression of VP1 and VP2 in the cell lysate and culture medium that
were stained at 6, 12, 24, 48, and 72 hpi. a VP1 was observed in the cell lysate from 12 hpi,
whereas VP1 was only detected in the culture medium at 72 hpi. b VP2 was observed in the cell
lysate and culture medium, but the exposure time was 15 min for VP2, compared to 15s for
VP1, which indicates that the translation of VP1 was faster and more efficient than that of VP2
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co-transfected pT7U201F and pT7U201-ORF23 and examined the time-course
expression of r'VPI and rVP2 in the cell lysate and culture medium (Fig. 3a and b).
Samples were stained at 6, 12, 24, 48, and 72 hpi. The rVP1 was observed in the

7.6k

7.6k

2.6k

0.8k

ORF23 antisense probe

Fig. 4. Total RNA was extracted from the cells and analyzed by Northem blotting. a A full-

length negative-strand RNA was detected with the pT7U201F construct (7.6 kb). b Positive-

strand full-length RNA (7.6kb) and positive-strand subgenomic RNA (2.6 kb) were detected

with the pT7U201F construct; a positive-strand 2.6-kb RNA band was detected with the

pT7U201-ORF23 construct; a 0.8-kb band was detected with the pT7U201-ORF3 construct;
and a 7.6-kb band was detected with the pT7U201F-ORF1/IGFP construct
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