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Norwalk virus is the prototype strain for members of the genus Norovirus in the family Caliciviridae, which are
associated with epidemic gastroenteritis in humans. The nonstructural protein encoded in the N-terminal
region of the first open reading frame (ORF1) of the Norwalk virus genome is analogous in gene order to
proteins 2A and 2B of the picornaviruses; the latter is known for its membrane-associated activities. Confocal
microscopy imaging of cells transfected with a vector plasmid that provided expression of the entire Norwalk
virus N-terminal protein (amino acids 1 to 398 of the ORF1 polyprotein) showed colocalization of this protein
with cellular proteins of the Golgi apparatus. Furthermore, this colocalization was characteristically associ-
ated with a visible disassembly of the Golgi complex into discrete aggregates. Deletion of a predicted hydro-
phobic region (amino acids 360 to 379) in a potential 2B-like (2BL) region (amino acids 301 to 398) near the
C terminus of the Norwalk virus N-terminal protein reduced Golgi colocalization and disassembly. Confocal
imaging was conducted to examine the expression characteristics of fusion proteins in which the 2BL region
from the N-terminal protein of Norwalk virus (a genogroup I norovirus) or MD145 (a genogroup II norovirus)
was fused to the C terminus of enhanced green fluorescent protein. Expression of each fusion protein in cells
showed evidence for its colocalization with the Golgi apparatus. These data indicate that the N-terminal
protein of Norwalk virus interacts with the Golgi apparatus and may play a 2BL role in the induction of

intracellular membrane rearrangements associated with positive-strand RNA virus replication in cells.

Norwalk virus is the prototype strain for the genus Norovirus
in the family Caliciviridae. Viruses in this genus have charac-
teristically been associated with acute epidemic gastroenteritis
in humans, but their host range extends to other species such
as swine, cattle, and mice (12, 23). The noroviruses are now
recognized as the most important agents of nonbacterial gas-
troenteritis outbreaks (10, 26, 30, 35), with as many as 23
million estimated cases of norovirus-associated illness occur-
ring in the United States each year (31).

The RNA genome of Norwalk virus is 7,654 nucleotides (nt)
in length and is polyadenylated at the 3’ end (20). By analogy
with better-characterized caliciviruses (4), the 5’ end of Nor-
walk virus is likely covalently linked to a VPg protein. Direct
demonstration of this linkage has been difficult in the absence
of a cell culture system (12). The genome encodes three open
reading frames (ORFs): ORF1 is the largest and encodes a
polyprotein precursor of approximately 200 kDa that is cleaved
by a viral proteinase into the mature nonstructural proteins
required for virus replication; ORF2 encodes the major struc-
tural capsid protein VP1; and ORF3 encodes the minor struc-
tural protein VP2 (9, 19, 28).

The caliciviruses belong to the picornavirus-like supergroup
of the positive-strand RNA viruses, which is characterized by
the colinearity and conservation of three major enzymes: a
nucleoside triphosphatase (NTPase) (2C in picornaviruses), a
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proteinase with a chymotrypsin-like fold (3C), and an RNA-
dependent RNA polymerase (3D) (see Fig. 1) (10a, 25, 36).
Upon comparison of the caliciviruses and picornaviruses, this
colinearity extends to a number of products derived from the
regions flanking the 2C protein (the 2C-like [2CL] protein in
caliciviruses) that may not be universally conserved. One of
these proteins, which occupies a polyprotein position equiva-
lent to that of the picornavirus 3B protein (the 3B-like [3BL]
protein), has been implicated in a conserved function as the
protein covalently linked to the 5’ end of the viral RNA (VPg)
(5). A parallel between picornaviruses and caliciviruses was
also drawn for proteins from the 3A (3A-like) region (24, 43).

The 2AB region upstream of picornavirus 2C and its genetic
equivalent in the caliciviruses are highly divergent within and
between families. In members of the genera Vesivirus and
Lagovirus, two proteins, designated p5.6 and p32 for feline
calicivirus (FCV) and pl6 and p23 for rabbit hemorrhagic
disease virus (RHDV), are derived from this region by 3C-like
(3CL)-mediated cleavage (43, 47). In contrast, a single protein
(designated here as the N-terminal protein) of approximately
45 or 37 kDa is derived from this region in Norovirus geno-
group I (GI) or genogroup II (GII), respectively (3, 29), and
marked sequence variation of this protein has been reported
(8, 37). An indication for further proteolytic processing of the
norovirus N-terminal protein was recently obtained in coex-
pression studies of the Camberwell virus (GII) N-terminal
protein and 3CL proteinase in mammalian cells (40). The
norovirus 37- or 45-kDa N-terminal protein was shown to be
distantly related to 2A proteins of a diverse set of picornavi-
ruses (including parechovirus, kobivirus, avian encephalomy-
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FIG. 1. Schematic diagram showing the organization of the Norwalk virus genome and a comparison of the N-terminal protein of Norwalk virus
(a GI norovirus) with that of MD145 (a GII norovirus), human parechovirus 2 proteins 2A and 2B, and the cellular class II tumor suppressor
H-rev107. The genomes of viruses in the genus Norovirus are organized into three ORFs. ORF1 encodes a large polyprotein that undergoes
cleavage by the virus-encoded 3CL proteinase to release the mature nonstructural proteins required for virus replication. The corresponding
nonstructural proteins of the picornaviruses are shown, and proteins of the noroviruses with known similar functions are shaded; these include a
2CL NTPase, a 3CL proteinase, and a 3D-like RNA-dependent RNA polymerase. The dipeptide cleavage sites that are recognized by the norovirus
3CL proteinase and are conserved in GI and GII members of the genus Norovirus are indicated. The putative 3CL cleavage sites at E***/N and
E'%/S, recently proposed for the GI and GII norovirus N-terminal proteins, respectively (40), are indicated by arrows. ORF2 encodes the major
capsid protein VP1, and ORF3 encodes a minor structural protein of unknown function, VP2. The norovirus N-terminal protein shares conserved
motifs (H-box and NC) with a group of cellular proteins involved in the control of cell proliferation, represented by H-rev107 (17), and with certain
picornavirus “H-NC” 2A proteins, represented here by human parechovirus 2. This region is labeled 2AL below the enlarged diagrams of the
Norwalk virus and MD145 N-terminal proteins. A C-terminal TM region identified in the parechoviruses and a predicted membrane-associated
alpha-helix region (labeled TM) of H-rev107 are shown. The computer algorithm TMPred identified potential TM regions in the Norwalk virus
and MD145 N-terminal proteins as well as in the human parechovirus 2 2B protein, which we designate here as a hydrophobic region (HR). The
regions of the Norwalk virus (aa 301 to 398) and MD145 virus (aa 233 to 330) with possible 2BL homology are indicated. The calculated molecular
masses of the norovirus N-terminal proteins, human parechovirus 2 proteins 2A and 2B, and H-rev107 are given on the right. The GenBank or
EMBL accession numbers for the sequences used in this analysis are M87661 (Norwalk virus), AY032605 (MD145), AAC79756 (human
parechovirus 2), and X92814 (H-rev107). The predicted borders of human parechovirus 2 proteins 2A and 2B were adapted from the work of
Johansson et al. (21) and correspond to aa 782 to 924 and 925 to 1053 of the parechovirus polyprotein, respectively. Numbering of amino acids
on the diagram corresponds to that of the individual 2A or 2B protein.

MATERIALS AND METHODS

Cells. Crandell-Rees feline kidney (CRFK) cells and HeLa cells were main-
tained in Eagle’s minimum essential medium containing amphotericin B (2.5
wg/ml), chlortetracycline (25 pg/ml), penicillin (250 U/ml), streptomycin (250
pg/ml), and 10% heat-inactivated fetal bovine serum. Norovirus strains Norwalk
virus (Hu/NV/Norwalk virus/1968/US) (22) and MD145-12 (Hu/NV/MD145-12/
1987/US) (11) have been described previously.

Plasmids. A full-length cDNA clone of the Norwalk virus genome was engi-

elitis virus, and Ljungan virus) and a number of cellular pro-
teins, including H-rev107, a protein implicated in the control of
cellular proliferation as a class II tumor suppressor (17, 21).
In this study, we extended comparative sequence analysis of
the Norwalk virus N-terminal protein to identify a 2B-like
(2BL) region, implicating the norovirus protein in the mem-

brane-mediated activities characteristic of picornavirus protein
2B (38, 46). Confocal microscopic analysis showed that the
Norwalk virus N-terminal protein expressed in transfected cells
was colocalized with markers of the Golgi apparatus and
caused an apparent disassembly of the Golgi complex into
discrete aggregates. In addition, the interaction of the N-ter-
minal protein in the Golgi apparatus was facilitated by the
presence of a predicted C-terminal hydrophobic region (HR).
The observed phenotype of the Norwalk virus N-terminal pro-
tein expression was consistent with a possible 2BL function
for at least the part of the protein that involves interaction
with host cell membranes. This phenotype further strength-
ens a molecular parallel between picornaviruses and calici-
viruses.

neered into the pSPORT1 plasmid (Invitrogen, Carlsbad, Calif.) by using a
cloning strategy similar to that described for the generation of an infectious
c¢DNA clone of the FCV genome (42). Briefly, overlapping cDNA fragments
were generated from purified Norwalk virus RNA by reverse transcription-PCR
with SuperScript II reverse transcriptase and Elongase DNA polymerase (In-
vitrogen) and then cloned into the pPSPORT plasmid. A unique BsmBI restriction
enzyme site followed by a bacteriophage T7 RNA polymerase promoter was
engineered immediately upstream of the 5’ end of the viral genome. A unique
Mlul restriction enzyme site was engineered downstream of a poly(A;) tract at
the 3" end of the genome. The assembled full-length cDNA clone was designated
NV FL101.

A gene fragment corresponding to nt 5 to 1198 of the Norwalk virus genome,
which encodes the N-terminal protein, was amplified by PCR (Elongase ampli-
fication system; Invitrogen) using NV FL101 as the template. The NV forward
primer (5" AGGCCTACGCGTCTCGAGAAGATGATGATG GCGTCAAAA
GACGTCGTT CCTACTGCTGCTAGCAGTGAAAATGC 3') was designed to
introduce an Xhol restriction site (underlined) upstream of the first AUG codon
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(boldfaced). The NV reverse primer (5 ATATAAATAATATTCTAGATTAC
TGTAGATGGAAATCTGGCAGGAGTGAAGCTATAAAGTTGG 3') was
designed to introduce a stop codon (boldfaced) and an Xbal site (underlined).
The Xhol-Xbal fragment encoding the N-terminal protein was ligated into the
corresponding restriction enzyme sites of the eukaryotic expression plasmid pCI
(Promega, Madison, Wis.) with T4 DNA ligase (New England Biolabs, Beverly,
Mass.). The recombinant plasmid was transformed into Max-efficiency Esche-
richia coli DH5a cells (Invitrogen), and clones were selected in the presence of
carbenicillin (50 wg/ml). The resulting plasmid was designated pC/NV-N wild
type (wt). For construction of the Norwalk virus C-terminal deletion constructs,
the NV forward primer containing the Xhol restriction site described above was
used to amplify DNA fragments from plasmid pC/NV-N wt as a template with
the following individual reverse primers: NV 3’ A10/Xbal (5" ATATAAATAA
TATTCTAGATTATATAAAGTTGGAAACATCAGGTGGG 3'), NV 3’ A20/
Xbal (5" ATATAAATAATATTCTAGATTAAAAG ATTCCAAAGAGTTCT
AAAAGG 3"), NV 3’ A30/Xbal (5" ATATAAATAATATTCTAGATTACACC
ATCTCCACGACCCCCATGAACG 3'), NV 3" A40/Xbal (5" ATATAAATAA
TATTCTAGATTAATCACAGTTTGAAAGTAAGTTAAGC 3'), and NV 3’
A50/Xbal (5" ATATAAATAATATTCTAGATTACTGTAGATGGAAAT
CTGG CAGGAGTGAAGCTATAAAGTTGGG 3'). Each of these reverse
primers included an Xbal site (underlined) and an engineered stop codon (bold-
faced).

A similar strategy was used to PCR amplify nt 5 to 990 of the MD145 genome
from a cDNA clone (cORF1) of MD145 ORF1 (3) by using two primers: MD145
forward primer (5 CCGCTCGAGAATGAAGATGGCGTCTAACGACG
CTTC 3'), which was designed to introduce an Xhol restriction site (underlined)
upstream of the first AUG (boldfaced), and MD145 reverse primer (5" GCTC
TAGATCATTGTAACTCGTAATCACCTAGCAAG 3'), designed to intro-
duce a stop codon (boldfaced) and an Xbal site (underlined). The selected
plasmid was designated pC/MD145-N wt.

The H-rev107 gene (18) was amplified, by using a Titan reverse transcription-
PCR kit (Roche, Indianapolis, Ind.), from total RNA isolated from approxi-
mately 5 X 10° to 1 X 107 HeLa cells with the RNeasy minikit (Qiagen, Valencia,
Calif.). The H-rev107 forward primer was 5" AGGCCTACGCGTCTCGAGAA
GATGCGTGCGCCCATTCCAGAGCCTAAGCCTGGAGACC 3’ and con-
tained an Xhol site (underlined), and the H-rev107 reverse primer was 5" ATA
TAAATAATATTCTAGATTATTGCTTTTGTCGCTTGTTTCTTGAGAAC
ATGACTCC 3, with an engineered Xbal site (underlined). The Xhol/Xbal-cut
DNA fragment was cloned into the compatible sites of the pCI vector as de-
scribed above, and the selected plasmid was designated pC/H-rev107. Our cloned
H-revl07 gene contained two nucleotide differences (CG to GC) from
H-rev107-1 (EMBL accession no. X92814), which resulted in a single amino acid
change at residue 90 (Thr to Ser) of the deduced protein.

Plasmid p47/331, encoding amino acids (aa) 47 to 331 of the FCV ORF1
polyprotein (corresponding to the FCV p32 protein) in the pCI vector, and an
antiserum specific for this region (designated anti-B4) have been described
previously (43).

The pEGFP-C1 protein fusion plasmid (BD Biosciences Clontech, Palo Alto,
Calif.) was used to engineer proteins in which the enhanced green fluorescent
protein (EGFP) was fused at its C terminus to selected regions of the norovirus
(Norwalk virus or MD145) N-terminal protein or H-rev107. Primer pairs con-
taining an engineered Xhol restriction enzyme site (underlined) in the forward
(For) primer and a SaclI site (underlined) in the reverse primer (Rev) were used
in PCRs to produce DNA fragments for cloning. For construction of pEGFP/
NV-2B (containing aa 301 to 398 of the N-terminal protein fused to EGFP),
primers NV2B/GFPFor (5" GGACTCAGATCTCGAGGACACCCGACCCAA
GATTGGTCCCGAGACACTCCAG) and NV/GFPRev (5" TAATATTATCC
GCGGTTTACTGTAGATGGAAATCTGGCAGGAGTGAAG 3') were used.
For construction of pPEGFP/NV-HR (containing aa 349 to 398 fused to EGFP),
primers NV HR/GFPFor (5" GGACTCAGATCTCGAGGAAACGTGCTTAA
CTTACTTTCAAAC 3') and NV/GFPRev were used. Plasmid pEGFP/MD145-
2B (containing aa 233 to 330 fused to EGFP) was constructed by using primers
MD2B/GFPFor (5 GGACTCAGATCTCGAGGAAGACCCTATCAAGACT
GGAATAGGAAACCCCTC 3') and MD/GFPRev (5" TAATATTATCCGCG
GTTTATTGTAACTCGTAATCACCTAGCAAGG 3'), and plasmid pEFGP/
MD145-HR (containing aa 282 to 330 fused to EGFP) was constructed by using
MD HR/GFPFor (5 GGACTCAGATCTCGAGG AATCCTCAACATCTTG
GCCTCATGT 3') and MD/GFPRev. In addition, the region encoding the H-
rev107 membrane-associated alpha-helix (aa 136 to 155) described by Husmann
et al. (18) was amplified from pC/H-rev107 with primers 5 GGACTCAGATC
TCGAGGAAGTGACCAGGTCAG AGATGTCATCATC 3’ and 5' TAATAT
TATCCGCGGTTTATTGCTTTTGTCG CTTGTTTCTTGAG 3'. The PCR
fragments were cleaved with XholI and SaclI and ligated into the compatible sites
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of the pEGFP-C1 plasmid. Plasmids were then transformed into bacteria as
described above and selected on a medium containing kanamycin (30 pg/ml). All
plasmid constructions were sequenced to verify that no mutations were intro-
duced during the PCR step.

Site-directed mutagenesis. Site-directed mutagenesis was performed using the
QuikChange kit (Stratagene, La Jolla, Calif.). The cysteine residue at position
274 (in the conserved NC domain) of the Norwalk virus N-terminal protein was
changed to alanine by mutagenesis of TG (nt 821 and 822) to GC. Primers used
for the mutagenesis were 5" GCAGTCACGAACAACGCCTTCGAATTTTGT
TGCCAGGTC 3’ (forward) and 5" GACCTGGCAACAAAATTCGAAGGCG
TTGTTCGTGACTGC 3’ (reverse). The selected plasmid (designated pC/NV-
NC/mut) was sequenced to verify that no other mutations were introduced into
the N-terminal protein gene during the mutagenesis procedure.

Sequence analysis. Nucleotide sequences were determined by using an ABI
Prism DNA sequencing kit and an ABI Prism 310 genetic analyzer (both from
Perkin-Elmer Applied Biosystems, Foster City, Calif.). The computer algorithm
in TMPred (16) was used for the prediction of membrane-spanning regions in
protein sequences. In the absence of experimental data that defined the precise
nature of the interactions of the identified regions with membranes, we desig-
nated each predicted transmembrane (TM) region an HR in this study.

Develop t of region-specific antisera to the Norwalk virus N-terminal pro-
tein. A Norwalk virus PCR amplicon (containing the coding sequence from aa 1
to 223 of the N-terminal protein) was generated by using primer 5" AACTCA
GATCGGGATCCGATGATGATGGCGTCAAAAGACGTCGTTCCTACTG
CTGC 3’, which corresponds to nt 5 to 42 of the Norwalk virus genome and
incorporates a BamHI restriction site (underlined), and primer 5 CTTCCCCT
GAGATGCGGCCGCAGGGGAGTGTACACCCACCGTCTTGCC 3', which
is complementary to nt 644 to 670 of the Norwalk virus genome and includes a
Notl restriction site (underlined). The PCR product was ligated into the pCR2.1
plasmid by TA cloning (Invitrogen), and selected clones were verified by se-
quence analysis. The Norwalk virus-specific insert was digested with BamHI and
Notl and ligated into the compatible sites of the pET-28(b) plasmid, which
generated an N-terminal Hisg tag. For protein production, the recombinant
plasmid was transformed into BL21(DE3) competent bacterial cells (Novagen,
Madison, Wis.). Expression of protein in bacterial cells was induced with 1 mM
isopropyl-B-p-thiogalactopyranoside (IPTG), and the His-tagged N-terminal
fragment was purified by nickel-nitrilotriacetic acid chromatography according to
the manufacturer’s (Qiagen) protocol. Antisera were generated in guinea pigs as
described previously (44). Attempts to express the entire Norwalk virus and
MD145 N-terminal proteins in bacteria failed.

Coupled in vitro transcription and translation. Proteins were expressed in
vitro from the pCl-based plasmids by using the TNT T7 Reticulocyte Lysate
Coupled Transcription & Translation kit (Promega) in the presence of [**S]me-
thionine (>1,000 wCi/mmol) (Amersham Biosciences, Piscataway, N.J.). The
TNT reaction mixtures were incubated at 30°C for 1.5 h. Proteins were resolved
in 10-to-20% gradient polyacrylamide gels (Invitrogen-Novex) by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), followed by auto-
radiography.

Cell transfection. Plasmid DNA (1.0 pg) was transfected into CRFK or HeLa
cells by using Lipofectamine Plus or 2000 reagent (Invitrogen) as described by
the manufacturer. Transfected cells were allowed to express the protein for 24 to
48 h before observation.

IF and confocal microscopy. CRFK and HeLa cells grown in six-well tissue
culture plates were transfected with plasmid DNA and fixed with cold 100%
methanol or 4% paraformaldehyde (PFA) at 24 or 48 h posttransfection for
immunofluorescent (IF) staining. When PFA was used as the fixative, cells were
permeabilized in 0.1% Triton X-100 for 10 min prior to the addition of antibod-
ies. Following washing with phosphate-buffered saline (PBS), pH 7.4, an anti-
serum specific for the Norwalk virus N-terminal protein (1:100) was added and
incubated at room temperature for 3 or 12 h at 4°C. The wells were washed three
times with PBS, and fluorescein isothiocyanate (FITC)-conjugated, affinity-pu-
rified goat antibodies (1:20) to guinea pig immunoglobulin G (IgG) (ICN Bio-
medicals, Aurora, Ohio) were added to detect binding of the primary antibody.

CRFK and HelLa cells used for confocal microscopy experiments were grown
on coverslips in 35-mm-diameter dishes, transfected with plasmid DNA, and
fixed with either methanol or PFA as described above. After a wash with PBS,
the cells were incubated with either preimmune serum (pre) or an antiserum
raised against the Norwalk virus N-terminal protein (post) together with a mouse
monoclonal antibody against human golgin 97 (1:200) (Molecular Probes, Eu-
gene, Oreg.) or against the Golgi 58-kDa protein (p58) (1:100) (Sigma, St. Louis,
Mo.) for 2 h at room temperature. For detection of primary antibody binding,
slides were incubated in the dark for 1 h with FITC-labeled, affinity purified goat
antibodies (1:20) to guinea pig IgG and Alexa Fluor-labeled goat antibodies to
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FIG. 2. Specificity of the antiserum raised against the N-terminal protein of Norwalk virus. (A) SDS-PAGE analysis of radiolabeled TNT
products derived from either the full-length Norwalk virus cDNA clone NV FL101 (lane 1) or pC/NV-N wt (lane 2). pC/NV-N wt TNT products
were analyzed by immunoprecipitation with either preimmune serum (Pre) (lane 3) or an N-terminal protein-specific antiserum (Post) (lane 4).
(B) Reactivities of preimmune serum and the N-terminal protein-specific antiserum with the Norwalk virus N-terminal protein expressed in CRFK
cells, as visualized by IF. (C) Distribution of the FCV p32 protein expressed in CRFK cells from pClI-based plasmid p47/331, visualized with a

p32-specific (region B4) antiserum (43).

mouse IgG (1:200) (Molecular Probes). In addition, 4',6-diamidino-2'-phenylin-
dole dihydrochloride hydrate (DAPI) (Roche) was used for staining of the
nuclei. The slides were washed twice with PBS and then with water. For visual-
ization of EGFP expression, cells were fixed with PFA, followed by staining with
anti-human golgin 97 and DAPI. One drop of antifade reagent-mounting mix-
ture prepared by using the reagents in the ProLong Antifade Kit (Molecular
Probes) 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 —20°C. Images were collected by using a 63X oil immersion objective,
zoom 1 or 2, on a TCS-NT/SP confocal microscope (Leica Microsystems, Exton,
Pa.) by using 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 by
using an argon laser at 364 nm. The collected images were analyzed in Adobe
Photoshop (Adobe Systems Incorporated, San Jose, Calif.).

Immunoprecipitation assay. Immunoprecipitation assays were performed as
described previously (44). A 5-ul aliquot of the TNT reaction product was
incubated with 5 pl of either preimmune serum or an antiserum specific for the
Norwalk virus N-terminal protein at 4°C for 1 h. An equal volume of protein G
beads-Gamma Bind Sepharose (Pharmacia Biotech AB, Uppsala, Sweden) was
added, and the samples were gently mixed at 4°C for 12 h. Each sample was
washed, and precipitated proteins were analyzed by SDS-PAGE followed by
autoradiography.

RESULTS

The N-terminal protein of Norwalk virus may include three
different domains. The N-terminal protein that is encoded at
the beginning of ORF1 of the GI Norwalk virus genome in-
cludes 398 aa residues and has a calculated mass of 45 kDa (15)
(Fig. 1). It shares 36% amino acid identity with the N-terminal
protein of the GII virus MD145, which includes 330 aa resi-
dues and has a calculated mass of approximately 37 kDa (3).
Apparently, GI viruses (relative to GII viruses) have extra

residues in the least conserved part close to the extreme N ter-
minus of the N-terminal protein (8, 37). In a comparably po-
sitioned region of the N-terminal proteins of FCV and RHDV,
a 3CL-mediated cleavage was observed (43, 47). Cleavages at
E?%*/N and E'%S have recently been proposed in the GI and
GII norovirus N-terminal proteins, respectively (40), but these
are located further downstream of this variable region.
Approximately 30 aa downstream of this variable region
between the GI and GII noroviruses, a norovirus-specific “2A-
like” (2AL) domain is located. It is distantly related to the 2A
proteins of some picornaviruses, such as parechovirus 2, and a
group of cellular proteins that includes the class II tumor
suppressor H-rev107 (17) (Fig. 1). All these proteins include
two conserved regions: an “H-box” with a histidine (H) residue
and an “NC” motif consisting of an asparagine (N) and cys-
teine (C) dipeptide sequence. The picornavirus 2A and cellular
2AL proteins may be anchored to membranes through putative
TM alpha-helices that are located approximately 20 aa down-
stream of the NC motif (16, 17). The norovirus N-terminal
proteins have an HR located further downstream at a distance
of approximately 80 aa from the NC motif. Our comparative
sequence analysis showed this structure to be part of the ap-
proximately 100 aa domain, corresponding to aa 301 to 398 of
Norwalk virus and aa 233 to 330 of the MD145 virus, that is
conserved at the C terminus of the N-terminal protein in all
caliciviruses. We designated this sequence the “2B-like” (2BL)
domain because of its polyprotein position between the 2AL
and 2CL proteins (domains), its small size, and its conserved
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anti-NV N-terminal protein merged

FIG. 3. Expression of the Norwalk virus N-terminal protein in CRFK and HeLa cells and observation by confocal microscopy. CRFK (A and
B) and HeLa (C and D) cells were grown on coverslips and transfected with a plasmid (pC/NV-N wt) encoding the Norwalk virus N-terminal
protein. At 24 h posttransfection, cells were fixed with either methanol (A and C) or PFA (B and D) and were incubated with a guinea pig
antiserum against the Norwalk virus N-terminal protein together with a mouse monoclonal antibody directed against human golgin 97. Secondary
antibodies were fluorescein-conjugated, affinity-purified goat antibodies against guinea pig IgG, used to detect expression of the N-terminal protein
(green), and Alexa red-conjugated goat antibodies raised against mouse IgG, used for detection of golgin 97 (red). Nuclei were stained with DAPI

(blue). Yellow color in merged images indicate colocalization.

hydrophobic profile, all of which properties distinguish picor-
navirus 2B proteins (38, 46).

Specificity of antibodies developed against the N-terminal
part of the Norwalk virus N-terminal protein. To characterize
the Norwalk virus N-terminal protein, aa 1 to 223 fused with a
His, tag were expressed in bacteria, purified, and used to raise
antibodies in guinea pigs. These antibodies were tested against
the cognate protein that was expressed from pC/NV-N wt
under the control of the cytomegalovirus promoter in trans-
fected cells and under the control of the T7 promoter in the in
vitro TNT system. A [>**S]methionine-labeled 45-kDa protein
was precipitated from the TNT reaction mixture programmed
with pC/NV-N wt by using the postimmunization antiserum
(Fig. 2A, lane 4) but not the preimmunization serum (Fig. 2A,
lane 3). The precipitated 45 kDa protein comigrated with the

dominant product of the pC/NV-N wt TNT reaction (Fig. 2A,
lane 2) and with a product from a TNT reaction that was
directed by a full-length Norwalk virus cDNA clone designated
NV FL101 (Fig. 2A, lane 1). The specificity of the antiserum
was then confirmed on pC/NV-N wt-transfected feline kidney
(CRFK) cells, where only the post-N-terminal antiserum
showed a positive reactivity (Fig. 2B). This antiserum consis-
tently failed to react with mock-transfected cells (Fig. 2B). It
was concluded from these tests that the antiserum developed
was specific for the N-terminal protein of Norwalk virus.

The expressed Norwalk virus N-terminal protein is colocal-
ized with Golgi markers and may promote Golgi disassembly.
Since it is known that 2B proteins of certain picornaviruses are
associated with the Golgi compartment and induce disassem-
bly of the Golgi complex (39), we investigated whether the
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norovirus N-terminal protein possesses similar properties
through its 2BL domain. Examination of IF staining in pC/
NV-N wt-transfected CRFK cells revealed two patterns (Fig.
2B). One pattern consisted of marked, discrete aggregates, and
the other was a more diffuse distribution of the protein
throughout the cytoplasm. A time course examining the tem-
poral occurrence of the aggregates found that they could be
observed as early as 5 h posttransfection and that the numbers
of cells with aggregates increased over time (data not shown).
In contrast, aggregates were not observed in IF staining of
CRFK cells transfected with a pCI-based plasmid encoding the
p32 protein of the FCV ORF1 polyprotein (Fig. 2C).

Confocal microscopy was used to determine whether the
expression patterns of the Norwalk virus N-terminal protein
observed in cells by IF were associated with the Golgi appara-
tus. Both CRFK cells and human HelLa cells were transfected
with the pC/NV-N wt plasmid and then fixed with methanol or
PFA after 24 h. The fixed cells were incubated with N-terminal
protein-specific antibodies and anti-golgin 97. Anti-golgin 97 is
an antibody that recognizes a 97-kDa peripheral membrane
protein on the cytoplasmic face of the Golgi apparatus and that
characteristically exhibits a perinuclear Golgi staining pattern
in nontransfected cells. Cells were then incubated with second-
ary antibodies and DAPIT (for staining of cellular nuclei). The
Norwalk virus N-terminal protein was expressed in a fraction
of cells, which facilitated comparative analysis of intact and
transfected cells. The N-terminal protein was colocalized with
the golgin 97 protein in both cell lines, as indicated by the
presence of yellow color in the merged images (Fig. 3). This
colocalization was observed in cells fixed with either methanol
(Fig. 3A and C) or PFA (Fig. 3B and D), although the staining
pattern of the golgin 97 antibody alone appeared more diffuse
in the PFA-fixed cells (Fig. 3B, panel f, and D, panel n).
Evidence for the colocalization of the Norwalk virus N-termi-
nal protein with the Golgi apparatus was also obtained with a
pS8-specific monoclonal antibody that recognizes an epitope
located on a 58-kDa microtubule-binding peripheral Golgi
membrane protein (data not shown).

The dispersed aggregates, like those observed in the initial
IF assays (Fig. 2B), were stained with both the Golgi- and
N-terminal protein-specific antibodies in the two cell lines (Fig.
3) and were not evident in cells negative for the N-terminal
protein. This result suggested that expression of the Norwalk
virus N-terminal protein in cells was associated with disassem-
bly of the Golgi apparatus. However, this experiment did not
rule out a nonspecific effect on the Golgi apparatus due to a
possible “overexpression” of the N-terminal protein in cells.

Deletions in the HR of the 2BL domain affect the colocal-
ization of the N-terminal protein with the Golgi apparatus. To
gain insight into the determinants responsible for the pheno-
type induced by the Norwalk virus N-terminal protein, we
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constructed a series of plasmids encoding mutant forms of the
protein. First, we investigated a predicted involvement of the
2BL domain in this phenotype by testing C-terminally trun-
cated mutants that lacked a part of the HR (aa 360 to 379). We
engineered cDNA constructs encoding sequential deletions of
10 to 50 aa from the C terminus of the Norwalk virus N-
terminal protein encoded in pC/NV-N wt (Fig. 4A). SDS-
PAGE analysis of the protein products derived by TNT from
the five plasmids (designated pC/NV-N A10, pC/NV-N A20,
pC/NV-N A30, pC/NV-N A40, or pC/NV-N A50) showed the
expected differences in the observed molecular masses of the
encoded proteins (Fig. 4B). Analysis of the transfected cells by
confocal microscopy with the N-terminal protein-specific anti-
bodies and anti-golgin 97 showed that the gradual increase in
the amount of the N-terminal protein that was deleted corre-
lated with a reduced colocalization of the expressed protein
with the Golgi apparatus relative to that of the wt protein (Fig.
4C, panels a, e, i, m, q, and u). We consistently observed
distinct colocalization and accumulation of the truncated N-
terminal protein with the Golgi marker in cells transfected with
pC/NV-N A10, pC/NV-N A20, or pC/NV-N A30 (Fig. 4C, pan-
els e, i, and m, respectively). In contrast, the two variants of the
N-terminal protein with larger truncations, expressed from
plasmids pC/NV-N A40 and pC/NV-N A50, were more diffuse
throughout the cells, and colocalization with the Golgi marker
was reduced (Fig. 4C, panels q and u, respectively). Of interest,
the presence of dispersed aggregates that were costained with
both anti-N-terminal protein and golgin 97 antibodies de-
creased markedly as the HR was sequentially deleted (com-
pare pC/NV-N wt [Fig. 4C, panel a] with pC/NV-NV A50
[panel u]). The detection of varying phenotypes among mutant
forms of the N-terminal protein expressed under similar con-
ditions supported the association of the wt N-terminal protein
with disassembly of the Golgi apparatus. In addition, these
data were compatible with a role for the HR in the interaction
of the N-terminal protein with the Golgi apparatus.
Expression and cellular localization of EGFP fusion pro-
teins. The deletion mutagenesis experiments indicated that the
HR might be involved in targeting the Norwalk virus N-termi-
nal protein to the Golgi apparatus. We examined whether the
HR could confer this ability on an unrelated protein, EGFP.
We engineered EGFP-norovirus fusion protein constructs in
which selected sequences in the C-terminal regions of the
Norwalk virus and MD145 N-terminal proteins were fused in
frame with EGFP (Fig. 5A). These sequences included the
entire predicted 2BL domain (aa 301 to 398 of Norwalk virus
and aa 233 to 330 of the MD145 virus, which were expressed
from plasmids pEGFP/NV-2B and pEGFP/MD145-2B, re-
spectively) and an N-terminally truncated 2BL domain (aa 349
to 398 of Norwalk virus and aa 282 to 330 of MD145 virus,
expressed from plasmids pEGFP/NV-HR and pEGFP/MD145-

FIG. 4. Deletion mutagenesis of the HR of the Norwalk virus N-terminal protein. (A) Schematic diagram of the cDNA plasmids encoding
sequential deletions of 10 aa from the C terminus of the Norwalk virus N-terminal protein. The HR of the Norwalk virus N-terminal protein is
located between aa 360 and 379. (B) In vitro expression (TNT) of the proteins encoded by the wt and HR deletion plasmids shown in panel A.
(C) Confocal microscopy observation of CRFK cells transfected with plasmids encoding wt or mutant forms of the N-terminal protein. Plasmids
shown in panel A were transfected into CRFK cells, and the cells were fixed with methanol 24 h posttransfection. N-terminal protein expression
(panels b, f, j, n, r, and v), golgin 97 (panels c, g, k, o, s, and w), and cellular nuclei (panels d, h, 1, p, t, and x) were detected as described in the
legend to Fig. 3. The merged image for each construct is shown in panels a, e, i, m, q, and u.
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FIG. 5. Confocal microscopy of EGFP-TM fusion proteins. (A) Summary of cDNA plasmids encoding EGFP fused with the 2BL region in the
C-terminal part of the Norwalk virus (aa 301 to 398) and MD145 (aa 233 to 330) N-terminal proteins. Fusion proteins were also designed to contain
the HR (as well as a few amino acid residues immediately upstream of the HR) of Norwalk virus (aa 349 to 398) and MD145 (aa 282 to 330) and
a region that included the predicted membrane-associated alpha-helix (TM) of H-rev107 (aa 127 to 162). Identical amino acids in a pairwise
comparison of the norovirus proteins in this region are boxed. (B) Confocal microscopy analysis of the expression of control plasmid pEGFP
(panels a to d), pPEGFP/NV-2B (panels e to h), pPEGFP/MD145-2B (panels i to 1), pPEGFP/NV-HR (panels m to p), pPEFPF/MD145-HR (panels
q to t), and pEGFP/Hrev107-TM (panels u to x). CRFK cells were grown on coverslips and transfected with EGFP-based plasmids. After 24 h,
cells were fixed with 4% PFA and permeabilized in 0.1% Triton X-100. Cells were incubated with anti-human golgin 97, followed by staining with
specific secondary antibodies as described in the legend to Fig. 3. Both nonmerged and merged images are shown.

HR, respectively) that began close upstream of the HR (Fig.
5A).

The plasmids were transfected into CRFK cells, and confo-
cal microscopy was conducted by using PFA fixation and direct
visualization of EGFP expression. Anti-golgin 97 and a sec-
ondary antibody for the detection of golgin 97 binding were
used to determine colocalization with the Golgi apparatus.
Expression of the pEGFP control showed a diffuse pattern of
green fluorescence throughout the cell (Fig. 5B, panel c¢). The
merged image of pEGFP and golgin 97 staining (Fig. 5B, panel
d) revealed some yellow color, but in general, EGFP did not
appear to accumulate in or disrupt the Golgi apparatus. In
contrast, cells transfected with the EGFP-norovirus 2BL fusion
proteins characteristically showed the presence of discrete ag-
gregates that appeared to colocalize with golgin 97 (Fig. 5B,
panels h and 1). In addition, the norovirus 2BL fusion proteins
appeared toxic: many of the transfected cells became rounded
and detached from the surface of the culture dish (data not
shown).

Expression of the Norwalk virus and MD145 EGFP-HR
fusion proteins that were engineered to analyze the role of the
HR characteristically showed evidence for colocalization of
EGFP expression with the Golgi apparatus (Fig. 5B, panels p
and t). In the absence of upstream sequences from the N-
terminal protein, these fusion proteins did not yield visible
aggregates in transfected cells. For comparison, we designed a
fusion protein containing the membrane-associated region
(TM) of H-rev107 fused to EGFP. In contrast to the findings
for the norovirus fusion proteins, the EGFP/H-rev107-TM fu-
sion protein did not accumulate in the Golgi membranes of the

perinuclear region (Fig. 5B, panel x). However, the green flu-
orescence formed a punctate, dispersed pattern throughout
the cytoplasm, with some evidence for colocalization with gol-
gin 97. These results suggested that the C-terminal hydropho-
bic TM region of H-rev107 may interact with membranes in the
cells, but through a mechanism likely different from that of the
HR of the noroviruses.

We engineered an N-terminal protein with an amino acid
substitution (cysteine 274 to alanine) in the NC motif (17).
CRFK cells were transfected with pC/NV-NC/mut and ob-
served by confocal microscopy 24 h after transfection. The
confocal microscopy imaging showed that the mutation in the
NC motif did not affect colocalization with the Golgi apparatus
or the formation of visible aggregates in the cells, indicating
that this predicted site may not be involved in the disassembly
of the Golgi apparatus by the N-terminal protein (data not
shown).

DISCUSSION

Positive-strand RNA viruses have evolved to utilize intracel-
lular membranes for their replication. An understanding of the
mechanisms responsible for the action of viral proteins on host
cells is relevant to the development of virus control strategies.
This study focused on the characterization of the first protein
encoded in the Norwalk virus genome, designated here the
N-terminal protein. Although Norwalk virus cannot be grown
in cell culture, we used computer analysis predictions coupled
with a eukaryotic expression system to explore possible func-
tions for this protein. Expression of the Norwalk virus N-
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terminal protein in feline and human cells resulted in a repro-
ducible pattern of protein distribution in the cytoplasm of
transfected cells characterized by colocalization with the Golgi
apparatus and the apparent disassembly of the Golgi apparatus
into discrete aggregates. The disruption of the Golgi apparatus
by the Norwalk virus N-terminal protein is similar to the effect

of the poliovirus 2B protein on the Golgi apparatus when the
latter is expressed alone in cells (39). The poliovirus 2B protein
has recently been described as a viroporin-like molecule that
mediates the permeabilization of lipid bilayer membranes (1).
Our data suggest that the Norwalk virus N-terminal protein
interacts with intracellular membranes and may possess certain
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2BL functions during replication. However, the presence of
motifs immediately upstream that are conserved with certain
picornavirus 2A proteins raises the possibility of 2AL functions
for the Norwalk virus N-terminal protein as well. The function
of the 2A protein is not established for all members of the
family Picornaviridae. The poliovirus 2A protein is a cysteine
protease that cleaves itself from the newly synthesized polypro-
tein at its amino terminus (45). However, other picornavirus
2A proteins, such as those of the human parechoviruses and
Aichi virus, apparently lack protease activity and share H-box
and NC motifs with certain tumor suppressor proteins (17).
Like these picornavirus 2A proteins, the norovirus N-terminal
protein has no known protease activity and contains the H-box
and NC motifs. It should be noted that the potential 3CL
cleavage site in the norovirus N-terminal protein recently pro-
posed by Seah et al. (40) would result in cleavage between the
H-box and NC motifs, and the verification of this cleavage site
will be important in future studies of the N-terminal protein.
Mutagenesis of the cysteine in the Norwalk virus NC motif did
not affect the expression phenotype of the Norwalk virus N-
terminal protein, and the role of this motif, if any, in Norwalk
virus replication cannot yet be determined. It is interesting that
both the predicted 2AL and 2BL domains map toward the
C-terminal half of the norovirus N-terminal protein. It is pos-
sible that the extreme N terminus of this protein (which is
highly variable among the noroviruses) may be involved in 2AL
or 2BL functions (or both), or it may have a function unique to
the caliciviruses.

Our computer analysis of the Norwalk virus N-terminal pro-
tein predicted an HR spanning aa 360 to 379 near the C
terminus. Deletion of this region from the Norwalk virus N-
terminal protein appeared to abolish the ability of the protein
to colocalize with, and cause disassembly of, the Golgi appa-
ratus in transfected cells. Targeting of proteins to the Golgi
complex is not well understood, but certain localization signals
have been described (33). Comparison of the Norwalk virus
HR to signals previously identified in cellular proteins directed
to the Golgi apparatus (32-34) found no striking amino acid
similarity, although phenylalanine residues (characteristic of
mammalian Golgi enzyme TM domains) were present. Fur-
thermore, the Norwalk virus HR does not share significant
identity with a Golgi targeting signal in the cytoplasmic tails of
the coronavirus infectious bronchitis virus E protein and the
Uukuniemi bunyavirus G1 protein (2, 6). We explored whether
the norovirus HR could function in directing an unrelated
protein to the Golgi apparatus by designing EGFP fusion pro-
teins containing the HR with or without upstream sequences
from the putative 2BL region of the N-terminal protein. Ex-
pression of EGFP fused to the norovirus HR lacking most of
the upstream 2BL region showed Golgi colocalization and no
evidence for Golgi disassembly. We conclude that the HR
plays a role in directing the norovirus N-terminal protein to the
Golgi complex but that additional upstream sequences (such as
those in the 2BL region) are required for disassembly. It
should be noted that interactions of the N-terminal protein
with other viral proteins, as well as its levels of expression in an
authentic viral replication cycle, could not be determined in
this study. However, it is of interest that parechoviruses (with
which the noroviruses share 2AL motifs) have recently been
associated with disassembly of the Golgi apparatus in infected
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cells, and it was proposed that parechovirus membranous rep-
lication complexes might be derived from membranes carrying
a Golgi marker (27).

A recent study of FCV found that nearly all the viral pro-
teins were associated with enzymatically active membranous
replication complexes isolated from virus-infected cells (13).
Norwalk virus will likely prove similar in its replication strat-
egy. However, there may be important differences in the N-
terminal nonstructural proteins among the caliciviruses, just as
there are among the picornaviruses. The FCV ORF1 N-termi-
nal proteins (p5.6 and p32) (43) do not share the H-box and
NC sequence motifs with H-rev107, although an HR (corre-
sponding to aa 272 to 293 of the FCV ORF1 polyprotein) can
be identified by TMPred in the FCV 2B equivalent, p32 (data
not shown). However, expression of the FCV p32 protein
alone in cells does not show evidence for disassembly of the
Golgi apparatus.

The class II tumor suppressor H-rev107 is down-regulated in
certain cancerous cells, which has led to the proposal that it
controls cellular proliferation as part of its normal function
(14, 41). In tumor cells, the gene encoding H-rev107 remains
intact, and its expression is apparently regulated at the level of
transcription or translation (a key feature of class II tumor
suppressors) (41). Although our data showed evidence for a
punctate expression pattern of the EGFP/H-rev107-TM fusion
protein in cells, with evidence for some colocalization with
golgin 97, the perinuclear structure of the Golgi apparatus
appeared intact and the fusion protein did not accumulate in
this region. A previous study of H-rev107 protein showed that
removal of 25 aa from the C terminus of the H-rev107 protein
(which would remove nearly all the TM domain) abolished its
association with a membranous fraction isolated from trans-
fected cells (41). Of interest, the C-terminal hydrophobic do-
main of TIG3, an H-revl07-related tumor suppressor protein,
has also been associated with its intracellular localization (7).
Although H-rev107, the norovirus N-terminal protein, and
some picornavirus 2A proteins share relatedness in certain
motifs, it remains unclear whether interaction with the Golgi
apparatus is a common theme. For viruses, the modification of
the cellular protein processing machinery and vesicle transport
system could be interpreted as part of the “hostile” takeover of
a cell. However, for H-rev107 and other related tumor sup-
pressor proteins, the mechanism responsible for controlling
cell growth via an interaction with intracellular membranes is
less clear. It will be interesting to compare emerging data on
the functions of proteins in this group in an effort to identify
common themes in virus and host cell evolution.
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