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Norwalk virus (NV) is the prototype strain of a group of noncultivable human caliciviruses responsible for
epidemic outbreaks of acute gastroenteritis. The capsid protein VP1 is synthesized from a subgenomic RNA
that contains two open reading frames (ORFs), ORF2 and ORF3, and the 3� untranslated region (UTR). ORF2
and ORF3 code for the capsid protein (VP1) and a small structural basic protein (VP2), respectively. We
discovered that the yields of virus-like particles (VLPs) composed of VP1 are significantly reduced when this
protein is expressed from ORF2 alone. To determine how the 3� terminus of the NV subgenomic RNA regulates
VP1 expression, we compared VP1 expression levels by using recombinant baculovirus constructs containing
different 3� elements. High VP1 levels were detected by using a recombinant baculovirus that contained ORF2,
ORF3, and the 3�UTR (ORF2�3�3�UTR). In contrast, expression of VP1 from constructs that lacked the
3�UTR (ORF2�3), ORF3 (ORF2�3�UTR), or both (ORF2 alone) was highly reduced. Elimination of VP2
synthesis from the subgenomic RNA by mutation resulted in VP1 levels similar to those obtained with the
ORF2 construct alone, suggesting a cis role for VP2 in upregulation of VP1 expression levels. Comparisons of
the kinetics of RNA and capsid protein expression levels by using constructs with or without ORF3 or the
3�UTR revealed that the 3�UTR increased the levels of VP1 RNA, whereas the presence of VP2 resulted in
increased levels of VP1. Furthermore, VP2 increased VP1 stability and protected VP1 from disassembly and
protease degradation. The increase in VP1 expression levels caused by the presence of VP2 in cis was also
observed in mammalian cells.

The Norwalk virus (NV) is a member of the genus Norovirus
in the family Caliciviridae. The recent accessibility of molecular
diagnostic assays has demonstrated that noroviruses are the
leading cause of outbreaks of nonbacterial gastroenteritis
worldwide (17). In addition, caliciviruses have been recently
classified as category B biodefense pathogens (http://www.niaid
.nih.gov/biodefense/). The NV 7.7-kb positive-strand RNA ge-
nome is organized into a 5� untranslated region (UTR), three
open reading frames (ORFs), a 3�UTR, and a poly(A) tail
(19). The NV predicted subgenomic RNA contains ORF2,
ORF3, and the 3�UTR. ORF2 and ORF3 code for the major
capsid protein (VP1) and a small basic structural protein
(VP2), respectively. The ORF3 protein (VP2) has been de-
tected in NV virions and virus-like particles (VLPs) (15). VP2
or a VP2-equivalent protein has been detected in the virions of
other members of the Caliciviridae family such as the rabbit
hemorrhagic disease virus (RHDV) (34) and feline calicivirus
(FCV) (54). VP2 is not essential for the formation of NV VLPs
because baculovirus recombinants expressing VP1 alone are
able to produce NV VLPs (5, 58). The highly basic VP2 may
serve a function similar to the basic N terminus of plant virus
capsid proteins, which are involved in RNA binding, since the

N terminus of NV VP1 is acidic and is not thought to interact
directly with the viral genome (15, 27, 49).

Few studies on the molecular biology of human caliciviruses
have been performed, in part because of the lack of a replica-
tion system. Studies with cultivable animal caliciviruses (FCV,
RHDV, vesicular exanthema swine virus, and San Miguel sea
lion virus) have found two different RNA molecules, 7.5 and
2.3 kb each, in infected cells (6, 13, 39). In the case of FCV,
infected cells produce a polyadenylated genomic RNA and a
bicistronic subgenomic RNA encoding ORF2 and ORF3 (39).
The expression level of VP2 from the bicistronic NV RNA
containing ORF2 and ORF3 is very low (15). Proteins, like
VP2, made in small amounts may have regulatory functions if
very little protein is needed to perform their function effi-
ciently. Mechanisms of termination-reinitiation or internal ini-
tiation have been suggested for the synthesis of FCV VP2
based on in vitro studies in rabbit reticulocyte lysates (28).

Positive-strand viral RNA genomes frequently contain cis-
acting elements necessary for gene regulation via interaction
with viral or cellular proteins (29, 35, 43, 53, 56). Thus far, the
role of cis-acting elements such as the poly(A) tail or the
3�UTR in NV gene expression or replication remains unclear
due to the lack of an infectious clone or a tissue culture system
for this virus. However, the baculovirus expression system has
been a useful model for studying NV biology, including virion
assembly and structure (5, 25, 31, 49, 57). During the course of
studies in NV assembly, we noticed that the expression of VP1
in insect cells was enhanced by the presence of the NV 3�UTR
and ORF3 in baculovirus recombinants. We hypothesized that
these sequences at the 3� end of the NV genome contain
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cis-acting regulatory elements required for gene expression or
translational regulation. To address this hypothesis, we com-
pared the expression levels of VP1 from different baculovirus
recombinants that contained or lacked the ORF3 gene or the
3�UTR. We present data here showing that regulatory ele-
ments downstream of the ORF2 gene are involved in the
control of ORF2 gene expression and that the 3�UTR in-
creases the level of ORF2 RNA, whereas VP2 increases VP1
expression and stabilizes the capsid. We propose and provide
evidence supporting a model for a mechanism by which VP2
regulates the stability of VP1.

MATERIALS AND METHODS

Cells. Spodoptera frugiperda 9 (Sf9) cells, obtained from the American Type
Culture Collection (Rockville, Md.) were grown in a 1.5-liter bioreactor unit
(Celligen Cell Culture System; New Brunswick Scientific, Edison, N.J.) and
maintained on TNM-FH medium (Gibco-BRL/Life Technologies, Grand Island,
N.Y.) containing 10% fetal bovine serum (FBS; Summit Biotechnology, Fort
Collins, Colo.). Sf9 suspension cell cultures were grown in 2-liter spinner culture
flasks (Corning Glass Works, Corning, N.Y.) at 27°C with constant stirring.

Human embryonic kidney (HEK) 293T cells immortalized with adenovirus
type 5 (Ad5; strain F2853-5b) and transformed with simian virus 40 (SV40) T
antigen were cultured in Dulbecco modified Eagle minimum essential medium
(DMEM; Gibco-BRL) with high glucose (4,500 mg/ml), supplemented with 10%
FBS, 0.2 mM nonessential amino acids (Sigma Chemical Co., St. Louis, Mo.), 10
mM HEPES (Gibco-BRL), 1 mM sodium pyruvate (Gibco-BRL), 100 U of
penicillin (Gibco-BRL)/ml, and 100 �g of streptomycin (Gibco-BRL)/ml.

Cloning and construction of baculovirus recombinants and GFP-NV fusion
constructs. Ten baculovirus recombinants and two green fluorescent protein
(GFP)-VP1 fusion contructs were produced to monitor the expression levels of
the NV VP1 in Sf9 insect cells and HEK 293T mammalian cells, respectively. The
NV baculovirus recombinants, luciferase baculovirus recombinants, and GFP-
VP1 fusion protein constructs produced in the present study, along with the
primers used in their construction, are listed in Table 1.

(i) NV baculovirus recombinants. Constructs containing different regions of
the NV subgenomic RNA (Fig. 1A) were generated by cloning into the pFast-
Bac1 expression vector (Gibco-BRL) by PCR amplification with a clone con-
taining the entire NV subgenomic RNA(pVLNV-2-3 [30]) as a template. For the
present study, we have retained the names for the genes in the constructs as
ORF2 and ORF3, and we refer to their protein products as VP1 and VP2,
respectively. Recombinant baculovirus transfer plasmids containing the entire or
truncated NV subgenomic RNAs were generated by inserting PCR-amplified
fragments flanked by BclI and XhoI restriction enzyme sites into BamHI and
XhoI restriction enzyme sites in the multiple cloning site of the pFastBac1
transfer vector as described elsewhere (5). The dye termination method was used
to sequence the clones. The recombinant baculoviruses were generated by using
the Bac-to-Bac baculovirus expression system (Gibco-BRL) according to the
manufacturer’s protocol. Recombinant baculoviruses were plaque purified twice
prior to infection of Sf9 cells, and two clones for each recombinant baculovirus
were confirmed to contain the specific NV DNA sequences by PCR with the
same primers used for the cloning procedure. For each construct, four recom-
binants were plaque purified. VP1 expression levels were equivalent for each of
the recombinants, and only one of the recombinant baculoviruses was used for
further studies.

(ii) Luciferase baculovirus recombinants. Recombinant baculovirus transfer
vectors containing the Renilla luciferase gene alone (Luc-Fast) and the luciferase
gene with the NV 3�UTR (Luc-3�UTR-Fast) were generated by inserting PCR-
amplified fragments flanked by BamHI and XhoI into the multiple cloning site of
the pFastBac1 transfer vector. The template used for PCR was plasmid pRL-
CMV (Promega, Madison, Wis.) that contains the Renilla luciferase gene. Three
recombinant baculoviruses containing the different luciferase constructs were
produced by using the Bac-to-Bac baculovirus expression system according to the
manufacturer’s protocol. After plaque purification, stocks of the luciferase con-
taining recombinant baculoviruses were prepared and titered. Two clones for
each recombinant baculovirus were confirmed to contain the specific lucif-
erase-NV DNA sequences by PCR with the same primers used for the cloning
procedure.

(iii) GFP-VP1 fusion protein constructs. To analyze whether the regulation of
the level of VP1 by the VP2 could be reproduced in mammalian cells, the NV
subgenomic RNA (ORF2�3�3�UTR) was placed, in frame, downstream of

GFP in the pEGFP-C1 vector (Clontech, Palo Alto, Calif.) (Fig. 1B). The
GFP-VP1 fusion construct, GFP-ORF2�3�3�UTR, contains a linker of three
amino acids (Arg-Gly-Ala) between the GFP and the ORF2 gene to allow
efficient expression and folding of both proteins.

Site-directed mutagenesis. The generation of a point mutation to change the
start codon of the ORF3 gene from AUG to ACG (Met3Thr) was performed
by using the QuikChange XL site-directed mutagenesis kit (Stratagene, La Jolla,
Calif.) according to the manufacturer’s protocol. The template used for the
mutagenesis was the pFastBac1 clone that contains the entire NV subgenomic
RNA (ORF2�3�3�UTR), and the primers used to generate the mutations in
the NV baculovirus recombinants (ORF2-AUG3ACG-ORF3�3�UTR) (Fig.
1A) and in the GFP-VP1 fusion protein construct (GFP-ORF2-AUG3ACG-
ORF3�3�UTR) (Fig. 1B) are listed in Table 1. All mutations were confirmed by
sequencing by using the dye termination method.

Expression and analysis of recombinant NV (rNV) in insect cells. Expression
of VP1 was evaluated in cell lysates and the medium of Sf9 cultures. The Sf9
cells, grown in monolayers as described previously (10), were infected at a
multiplicity of infection (MOI) of 10 with the appropriate recombinant baculo-
virus, and the cells were collected 36 h postinfection (hpi). The expression of the
recombinant VP1 capsid protein in the medium was analyzed by infection of a
200-ml insect cell culture at a density of 3 � 106 cells/ml (6 � 108 total cells per
spinner flask) with an MOI of 5. The supernatant was collected at 5 days
postinfection, and particles were purified as described previously (5). The
amount of VLP protein obtained was quantitated by BCA protein assay reagent
(Pierce, Rockford, Ill.) according to the manufacturer’s instructions. To quanti-
tate the VP1 produced by the different constructs, an antigen enzyme-linked
immunosorbent assay (ELISA) specific for NV capsid protein was performed (5,
31). In addition, VP1 expression was analyzed by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) according to the method of Lae-
mmli (36) with modifications as described previously (5). The proteins separated
by SDS-PAGE were transferred onto nitrocellulose membranes (Hybond-C;
Amersham Life Sciences, Little Chalfont, England) as described previously (5).
VP1 was detected by using a rabbit-hyperimmune anti-rNV serum.

RNA purification and Northern blot. Total RNA was extracted by using
guanidine isothiocyanate (37). Briefly, insect cells (3 � 106), infected at an MOI
of 10 with the different recombinant baculoviruses expressing NV genes, were
harvested at 36 hpi and the cells were washed with phosphate-buffered saline
(PBS) and collected in 3 ml of 4 M guanidine isothiocyanate solution (GSCN
solution; 4 M guanidine isothiocyanate, 1 M Tris, 0.5 M EDTA, 0.5% sarcosyl,
1% �-mercaptoethanol, 30% antifoam A [pH 7.5]). The cells were homogenized
immediately for 1 min in a Cole-Parmer PCR homogenizer (Cole-Parmer In-
strument Company, Vernon Hills, Ill.). Then, 3-ml portions of homogenized cells
were layered over 2 ml of a 5.7 M CsCl cushion, followed by centrifugation at
36,000 rpm for 20 h at 25°C in an SW55 Beckman rotor. The supernatant was
removed by aspiration, the tubes were drained, and the bottoms of the tubes
were cut off to avoid contamination of the RNA pellet with residual DNA and
proteins from the tube wall. The RNA pellets were suspended in water and then
precipitated with ethanol. After the pellets were washed with 70% ethanol to
eliminate residual salts, they were suspended in water, and the RNA concentra-
tion in the samples was determined spectrophotometrically (DU Series 60 spec-
trophotometer; Beckman, Fullerton, Calif.) at 260 nm.

The same amounts (5 �g) of total RNA for each recombinant were loaded
onto a denaturing agarose gel, transferred to a Nytran membrane (Schleicher &
Schuell, Kenne, N.H.) by downward capillary transfer, and analyzed by Northern
blotting as described previously (38). Briefly, a radiolabeled [32P]ORF2 antisense
RNA probe was generated by in vitro transcription of the previously constructed
plasmid pGEM-ORF2 by using the Maxiscript transcription in vitro system
(Ambion, Inc., Austin, Tex.) (57). Hybridization with the [32P]ORF2 antisense
probe proceeded overnight at 65°C in PerfectHyb hybridization buffer (Sigma,
St. Louis, Mo.). After hybridization, the membrane was washed once in 1� SSC
(0.15 M NaCl plus 0.015 M sodium citrate) with 0.1% (wt/vol) SDS for 20 min at
room temperature and then three times in 0.2� SSC–0.1% (wt/vol) SDS for 20
min at 65°C. The membrane was then air dried, wrapped in cellophane, and
exposed to BIOMax film (Kodak, Rochester, N.Y.).

Phosphorimaging analysis. To measure the levels of ORF2 RNA detected by
Northern blot analysis and of VP1 detected by immunoprecipitation, the bands
from each sample were quantitated by phosphorimaging. This phosphorimaging
was accomplished by using the Molecular Dynamics Storm system (Sunnyvale,
Calif.), and ImageQuant NT software (also from Molecular Dynamics) was used
for phosphorimaging data analysis.

Densitometric analysis of GFP-VP1 expression in mammalian cells. The GFP
expression intensity for the wild-type NV subgenomic RNA (GFP-
ORF2�3�3�UTR) and the mutant that did not express the ORF3 protein
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(GFP-ORF2-AUG3ACG-ORF3�3�UTR) was determined in HEK 293T cells
by using both densitometry and flow cytometry analysis. Mammalian HEK 293T
cells were transfected as 80% confluent monolayers grown on 24-well plates
(Corning Costar Corp.) by using Lipofectamine 2000 (Gibco-BRL) according to
the manufacturer’s instructions. In addition to the NV constructs, a reporter
vector, pGL2 (Promega), containing the firefly luciferase gene under the SV40
promoter was transfected as an internal control for determining transfection
efficiency. The transfected cells were incubated for 20 to 24 h. Before the cells
were analyzed for protein expression, the presence of GFP was verified by using
an Olympus IX70 fluorescent microscope (Olympus America, Inc., Melville,
N.Y.). The luciferase values were quantitated by using the luciferase assay system
(Promega). Each well of the transfected cells was suspended in the same volume
of reporter lysis buffer (Promega), and equal volumes for each construct were
analyzed by Western blotting by using a rabbit hyperimmune serum against the
NV VP1 capsid protein. The bands obtained in Western blots that corresponded
to VP1 were analyzed by densitometry using a Molecular Dynamics personal
densitometer SI, and the data were analyzed with the ImageQuant NT software.
The obtained densitometric quantitative data were normalized by using the
luciferase activity value for each sample, and then the relative amounts of VP1
were calculated.

Flow cytometric analysis of GFP-VP1 expression. In addition to the densito-
metric analysis, HEK 293T cells transfected with the plasmid expressing the
GFP-ORF2�3�3�UTR or the GFP-ORF2-AUG3ACG-ORF3�3�UTR were
analyzed for the levels of GFP by flow cytometry. Control HEK 293T cells were
transfected with the pGL2 control reporter vector containing a firefly luciferase
gene under the SV40 promoter (Promega). HEK 293T cells were first washed
with 0.01 M PBS (pH 7.0) and then incubated in 200 �l of 2 mM EDTA in 0.01
M PBS (pH 7.0) for 15 min at room temperature to gently detach the cells from
the plate. The cells were sedimented at 2,000 rpm for 5 min (IEC Micromax
[Needham Heights, Mass.] microcentrifuge) and then suspended in 3% FBS in
0.01 M PBS. Cell GFP intensity was measured by using a Profile I flow cytometer
(Coulter Electronics, Hialeah, Fla.). At least 10,000 forward-scatter gated events
were collected per specimen.

Pulse-chase labeling. Pulse-chase experiments to test the protein stability of
the VP1 capsid protein were performed according to the protocol described for
recombinant proteins expressed in baculovirus (5, 44, 45).

(i) Insect cells. Briefly, 1.2 � 107 Sf9 cells growing in suspension were infected
in a 15-ml tube at an MOI of 20. At 36 hpi, the medium was removed, and then
the cells were suspended and cultivated in methionine-free Grace’s medium
(Gibco-BRL) for 1 h before [35S]methionine (40 �Ci/ml) was added to the mix.
After 15 min, the medium was replaced with fresh methionine-free Grace’s
medium with a 20-fold excess of unlabeled methionine (Gibco-BRL). Aliquots (1
ml), equivalent to 3 � 106 cells, were collected every 12 h postlabeling for 48 h,
lysed by radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 1%
Triton X-100, 10 mM Tris-HCl [pH 7.2], 1% Trasylol), and frozen at �20°C until

analyzed by immunoprecipitation as previously described (5) with a rabbit hy-
perimmune serum against the NV VP1 capsid protein.

(ii) Mammalian cells. At 24 h posttransfection, HEK 293T cells were incu-
bated in DMEM without L-methionine or L-cysteine (Gibco-BRL) for 1 h. Then,
40 �Ci of [35S]methionine/ml was added to the medium. After 30 min, the
medium was replaced with fresh DMEM supplemented with unlabeled methio-
nine (Gibco-BRL). The cultures were harvested at 0, 6, 12, and 24 h postlabeling
by lysing the cells with RIPA buffer. The lysed cells were stored at �20°C until
analyzed by immunoprecipitation as described before (5).

Protease cleavage analysis. To compare the sensitivity of VP1 to protease
degradation when the protein was in the soluble form or in purified NV VLPs
(with VP1 only or with VP1�VP2), samples were diluted in 50 mM Tris-HCl
(pH 6.7) to maintain VLP integrity or in 50 mM Tris-HCl (pH 8.9) to promote
particle disassembly before treatment with 200 �g of trypsin (Sigma)/ml or 5 �g
of pancreatin 4� USP (Gibco-BRL)/ml for 2 h at 37°C in PBS. The proteins were
separated by SDS–12% PAGE and analyzed by Western blotting as described
above. The particles used in this analysis were produced by using the previously
described constructs pVL-NV (VP1�VP2) (31) and pVL-ORF2 (VP1 alone)
(57).

DLS. Purified NV VLPs containing only VP1 (VP1 VLPs) or VLPs containing
both VP1 and VP2 (VP1/VP2 VLPs) were diluted to 0.5 �g/�l in Tris-HCl (pH
6.7) to maintain VLP integrity. The particles were analyzed by dynamic light
scattering (DLS) by using a DynaPro-801 (Protein Solutions, Charlottesville,
Va.) with a miniature solid state laser (wavelength, � � 829.5 nm) at 26°C. The
time-average scattered intensity, [I(q)]T, and its time correlation were obtained
at a scattering angle of 90°. Prior to DLS analysis, VLP samples were filtered
through a 0.22-�m-pore-size polyvinylidene difluoride membrane (Millipore
Corp., Bedford, Mass.). For each sample, 25 readings were recorded. In the
present study, we determined the hydrodynamic radius, RH, of the rNV capsid
protein from the equation: RH � 	T/6
�Tmax, where 	T denotes the Boltzmann
energy, � is the solvent viscosity, and Tmax is the value at the point where the
intensity correlation function was maximal.

Statistics. Statistical analyses were performed by using the SPSS version 7.5
for Windows (SPSS, Inc., Chicago, Ill.). Differences in protein expression were
compared by using the Kruskal-Wallis test, followed by the Mann-Whitney U test
or by use of Pearson correlation coefficients. Comparisons with a P value of
�0.05 were considered statistically significant.

RESULTS

The level of NV VP1 capsid protein expressed in Sf9 insect
cells depends on the 3� terminus of the NV genome. While
making baculovirus constructs in the pFastBac1 transfer vector

TABLE 1. Names, sequences, polarities, and restriction enzyme sites of primers used in this study to generate all baculovirus recombinants
for expression in insect cells and the GFP constructs for expression in mammalian cells

Name Sequence (5� to 3�)a Sequence locationa Sense
Restriction

enzyme
site

Constructs generated

NV132 GGCCTGATCAATGATGATGGCGTCTAAGGAC 5357–5385 � BclI ORF2, ORF2�3, ORF2�3�3�UTR,
ORF2�3�UTR

NV-3�UTR-Xho CCCGCTCGAGAACATCAAATTAAACCTAAT 7624–7637 � XhoI ORF2�3�3�UTR, ORF3�3�UTR
NV133 CCCGCTCGAGCATCGCCTATTATTTGCGAAT 7687–7666 � XhoI ORF2�3
Luc-5� CCCGCTGGATCCATGACTTCGAAAGTTTATGATCCA 1–24 � BamHI Luc-Fast, Luc-3�UTR-Fast
Luc-3� CCCGCTCGAGGAATTATTGTTCATTTTTGAGAACTC 745–775 � XhoI Luc-Fast
NV131 CCCGCTCGAGTTATCGGCGCAGACCAAGCCT 6928–6950 � XhoI ORF2
ORF2�3�UTR CCCGCTCGAGAACATCAAATTAAACCTAATTAAACCTAA

TTAAATGAATATGATGCCCACATTTCATATTACAACATT
ATCGGCGCAGACCAAGCCT

6929–6952/7611–7654 � XhoI ORF2�3�UTR

Luc-3�UTR NV CCCGCTCGAGAACATCAAATTAAACCTAATTAAACCTAA
TTAAATGAATATGATGCCCACATTTCATATTACAACAGA
ATTATTGTTCATTTTTGAGAACTCGCT

7611–7654/745–775 � XhoI Luc-3�UTR-Fast

AUG-ORF3-5 GGCTTGGTCTGCGCCGATAAGGATCCATGGCCCAAGCC
ATAATTG

6929–6970 � None Site-directed mutagenesis-AUG-ORF3

AUG-ORF3-3 GCACCAATTATGGCTTGGGCCGTTATCGGCGCAGACCA
AGCC

6929–6973 � None Site-directed mutagenesis-AUG-ORF3

GFP-NV-5 GGGCCTCGAGGCGCGATGATGATGGCGTCTAAGGAC 5357–5385 � XhoI GFP-ORF2�3�3�UTR NV
GFP-NV-3 CCCGGGAACATCAAATTAAACCTAATT 7637–7654 � XmaI GFP-ORF2�3�3�UTR NV
ORF3-5-BamHI GCGGGGGGATCCATGATGATGGCCCAAGCCATAA

TTGGT
6950–6973 � BamHI ORF3�3�UTR

a Sequence locations for each primer on Norwalk sequence (gi9630803) and Renilla luciferase (shown in italics [gi28864243]).
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to rapidly produce and analyze VP1 mutants (5), we noted that
inclusion of the ORF3 gene and the 3�UTR in the baculovirus
recombinant construct resulted in higher levels of expression
of the VP1 capsid protein. To confirm and elucidate the role of
the ORF3 gene and the 3�UTR on VP1 expression, we com-
pared VP1 expression from recombinant baculoviruses that
contained only NV ORF2, NV ORF2�3, NV ORF2�3�UTR,

and the entire NV subgenomic RNA (ORF2�3�3�UTR). The
total amount of VP1 in supernatants or cell lysates was mea-
sured by ELISA after infection of the same number of Sf9 cells
(3 � 106 cells/ml) (Fig. 2). The VP1 levels in cell lysates
correlated with the levels of protein in supernatants. The level
of VP1 expressed in cell lysates with the ORF2 alone construct
was relatively low (0.5 �g; Fig. 2A). The inclusion of the NV

FIG. 1. Schematic representation of recombinant baculoviruses and GFP contructs generated in the present study to monitor the expression
levels of NV VP1 in insect cells and mammalian cells. (A) Baculovirus recombinants to analyze the expression of VP1 in Sf9 insect cells were
generated by cloning into the pFastBac1 expression vector (Gibco-BRL). Since the same restriction enzyme site (BamHI) was used to generate
all baculovirus recombinants, all seven constructs possess an identical 5�-terminal sequence. In addition, all of these constructs encode the
poly(A) signal from SV40. These recombinant baculoviruses were used to study the effect of the different 3�-terminal elements of the NV
subgenomic RNA on NV VP1 capsid protein expression. The stop signal indicates the site targeted by directed mutagenesis to block VP2
expression. (B) Constructs generated to analyze the effect of ORF3 or VP2 expression on VP1 expression in mammalian cells. The entire NV
subgenomic RNA was placed, in frame, downstream of the GFP gene in the pEGFP-C1 vector (Clontech), and VP1 was expressed as a fusion
protein with the GFP protein. The stop signal indicates a point mutation generated to block the expression of VP2. Abbreviations: Pph, polyhedron
promoter; UTR, untranslated region; ORF, open reading frame.
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3�UTR or ORF3 gene (ORF2�3�UTR construct or ORF2�3
construct, respectively) downstream of ORF2 significantly in-
creased (P � 0.023) the expression of VP1 by 3- and 11-fold,
respectively; however, a dramatic increase of 
30-fold (P �
0.001) was observed in the expression level of VP1 from the
construct that contained the entire subgenomic RNA
(ORF2�3�3�UTR; Fig. 2A). No recombinant VP1 was de-
tected in cells infected with a control wild-type baculovirus.

The same samples described above were analyzed by West-
ern blot by loading the same amounts of cell lysate for each
construct onto 12% polyacrylamide gels. When samples were
analyzed by Western blot with a rabbit hyperimmune serum to
NV VLPs, the relative levels of NV VP1 capsid protein ob-
tained for each recombinant baculovirus concurred with that
obtained by ELISA (Fig. 2B). In addition, the yield of NV
VLPs purified from the supernatant of cells (6 � 108) was
higher for the ORF2�3�3�UTR recombinant (20 mg),
whereas the yield of VLPs was lower from the recombinants
that lacked the 3�UTR (ORF2�3; 10 mg) or ORF3
(ORF2�3�UTR; 2 mg) (data not shown). The lowest yield (0.6
mg) of VLPs was obtained from the infection with the recom-
binant that lacked both ORF3 and the 3�UTR. Therefore, both
the 3�UTR and the ORF3 and/or VP2 are required for efficient
expression of VP1.

The synthesis of VP2 is required for the increased yields of
VP1. To analyze whether the VP2 protein or the ORF3 RNA
was involved in the regulation of VP1 expression, a mutant,
ORF2-AUG3ACG-ORF3�3�UTR, was generated by site-di-
rected mutagenesis in the backbone of the construct that con-
tained the entire subgenomic RNA (Fig. 1A). The ORF2-
AUG3ACG-ORF3�3�UTR recombinant mutant baculovirus
was designed to replace the ORF3 gene start (AUG) codon
with a threonine codon (ACG). The ORF2-AUG3ACG-
ORF3�3�UTR recombinant baculovirus did not express VP2
or any VP2-related protein, as determined by Western blotting
with two different peptide sera (15, 16) (data not shown), but
it expressed VP1 and contained the entire subgenomic RNA.
The levels of VP1 expression were analyzed by ELISA and
compared to the wild-type levels by using the same lysate
volume from cultures with an equal number (3 � 106) of
infected Sf9 cells. The VP1 level from the ORF2-AUG3ACG-
ORF3�3�UTR recombinant mutant baculovirus was signifi-
cantly reduced (12-fold less, P � 0.002) compared to the VP1
produced by using the ORF2�3�3�UTR recombinant bacu-
lovirus (see Fig. 3B). The data from the ORF2-AUG3ACG-
ORF3�3�UTR mutant suggested VP2 synthesis is required for
the efficient expression of VP1.

Is the effect of VP2 and 3�UTR at the protein or RNA level?
Both the 3�UTR and VP2 expression affected the levels of VP1
expression. To determine the mechanism by which expression
of VP1 was regulated by VP2 or the 3�UTR, ORF2 RNA and
protein levels in Sf9 insect cells (3 � 106) infected with the
different recombinant baculoviruses were analyzed in parallel.
The ORF2 RNA was analyzed by Northern blot with a probe
specific for the ORF2 gene, and the VP1 levels were assessed
by ELISA (Fig. 3).

The Northern blot analysis showed a 2.5-kb band corre-
sponding to the expected size for the entire subgenomic RNA
in cells expressing the ORF2�3, ORF2�3�3�UTR, and
ORF2-AUG3ACG-ORF3�3�UTR constructs. In addition, a

smaller band corresponding to the size of the ORF2 RNA (2.0
kb) was observed in cells expressing the ORF2�3�UTR. The
ORF2 alone construct did not synthesize enough ORF2
mRNA to be detected visually at 36 hpi, although it could be
detected at 48 hpi (data not shown). Some higher-molecular-
weight bands, possibly extended RNAs from the constructs,
were also present (Fig. 3A). The absence of an ORF2 RNA
band in the wild-type baculovirus-infected cell RNA showed
the specificity of the probe and the stringency of the hybrid-
ization conditions. Bands were quantitated by densitometric
analysis and the highest level of RNA, seen with the
ORF2�3�3�UTR recombinant baculovirus, was set at 100%.
The RNA values for the other recombinant baculoviruses are
presented as a relative amount with respect to the
ORF2�3�3�UTR recombinant. The average for three exper-
iments is shown at the bottom of the Northern blot (Fig. 3A).

FIG. 2. VP1 expression levels obtained with the baculovirus recom-
binants containing NV ORF2 only, NV ORF2�3, NV ORF2�3�UTR,
or the entire NV subgenomic RNA (ORF2�3�3�UTR). (A) VP1
yield from 3 � 106 Sf9 insect cells infected with each recombinant
baculovirus measured at 36 hpi by ELISA from the cell lysate. Purified
rNV VLPs were used as the positive antigen control at concentrations
ranging from 0.5 to 62 ng. The values shown are the arithmetic mean
of at least four independent experiments. Error bars represent one
standard error of the mean. (B) Expression of VP1 analyzed by West-
ern blotting with a rabbit hyperimmune serum specific to VP1. In-
fected cell lysates (3 � 106 cells) were harvested at 36 hpi in SDS-
PAGE sample buffer and analyzed by SDS–12% PAGE and Western
blotting. To compare the relative levels of VP1 expression of all re-
combinants, the same volume of lysate was loaded for each recombi-
nant baculovirus. The arrow indicates the bands that correspond to the
uncleaved VP1. Molecular weight markers are indicated on the left.
Two approximately 30K cleavage products were present in all of the
samples but in larger amounts in the lysates from cells infected with the
ORF2�3 and ORF2�3�UTR recombinant baculoviruses. The West-
ern blotting and the ELISA analysis were performed with the same
antibody; therefore, these 30K VP1-related degradation products were
detected in the total protein quantification done by ELISA. BV, wild-
type baculovirus.
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Steady-state levels of NV ORF2 mRNA increased 40-fold
when the construct contained the 3�UTR downstream of
ORF2 (ORF2�3�UTR) but only 15-fold when the ORF3 gene
was present (ORF2�3) over that of the ORF2 gene alone (Fig.
3A). The presence of both the ORF3 and 3�UTR
(ORF2�3�3�UTR) increased the steady-state levels of ORF2
RNA 50-fold. Therefore, these data indicate that the 3�UTR of
NV increases the steady-state levels of ORF2 RNA. However,
when VP2 protein expression was blocked by mutating the
ORF3 start codon (ORF2-AUG3ACG-ORF3�3�UTR), the
level of ORF2 RNA was reduced twofold, even though the
3�UTR was still present in the construct; this reduction in the
amount of ORF2 RNA may be due to changes in the stability
of the RNA caused by the mutation. This construct (ORF2-
AUG3ACG-ORF3�3�UTR) produced significantly higher
RNA levels than any of the constructs that lacked the 3�UTR,
so the twofold reduction in RNA levels produced by the
ORF2-AUG3ACG-ORF3�3�UTR recombinant compared to
the parental ORF2�3�3�UTR recombinant cannot account
for the 50-fold decrease in the level of VP1 expression.

Concurrently, at the protein level, the recombinant baculovirus
containing the entire NV subgenomic RNA produced signifi-
cantly higher levels (6- to 15-fold; P � 0.002) of VP1 than those
recombinants that lacked VP2 expression (ORF2, ORF2-
AUG3ACG-ORF3�3�UTR, and ORF2�3�UTR) (Fig. 3B).
The VP1 expression level was equivalent (P � 0.740) between the
ORF2 and the ORF2-AUG3ACG-ORF3�3�UTR recombinant
baculoviruses, but inclusion of the 3�UTR (ORF2�3�UTR) or
ORF3 (ORF2�3) increased (P � 0.043) the level of VP1 expres-
sion by 2.5- or 6-fold, respectively, over that produced by the
ORF2 alone recombinant baculovirus (Fig. 3B). Taken together,
the comparison of the steady-state levels of ORF2 mRNA with
the corresponding amount of VP1 synthesized under identical
conditions suggests that the NV 3�UTR upregulates VP1 expres-
sion at the RNA level, whereas VP2 increases VP1 protein levels.

VP2 expressed in trans does not restore VP1 expression
levels. Since synthesis of VP2 was required for the optimal ex-
pression of VP1, we next examined whether it was possible to
restore the levels of VP1 by coinfecting each of the recombinant
baculoviruses expressing VP1 alone with a recombinant baculo-
virus that only expresses VP2 (ORF3 � 3�UTR). Coinfection of
the recombinant baculovirus ORF3�3�UTR with each of the
baculoviruses ORF2, ORF2�3�UTR, or ORF2-AUG3ACG-
ORF3�3�UTR resulted in a similar (P � 0.756) level of VP1
expressed compared to cells infected with each of the correspond-
ing recombinant baculoviruses alone (data not shown). Since in
every case the expression level of VP1 was not restored when VP2
was expressed in trans, these results suggest that VP2 acts in cis to
affect the levels of VP1 protein expression.

VP2 expression affects VP1 stability. One mechanism by
which VP2 may increase expression of VP1 is by stabilizing the
expressed protein. To determine whether VP2 increases VP1
stability, a pulse-chase experiment was performed. VP1 was
pulse-labeled in recombinant baculovirus-infected cells, and
the radiolabeled VP1 was immunoprecipitated with an anti-
body specific for VP1 at different times postlabeling. After
SDS-PAGE analysis, the bands corresponding to VP1 were
quantitated by phosphorimaging and are represented as a rel-
ative amount of VP1 present at each different time relative to
the amount of VP1 present immediately after labeling (0 h

postlabeling) (Fig. 4A). The half-life of VP1 was determined
by comparing the relative amount of VP1 over time for the
different constructs (Fig. 4B). The half-life of VP1 (24 h) was

2-fold higher for the constructs containing VP2 (P � 0.003)
compared to the half-life of VP1 (10 h) expressed from a
recombinant baculovirus that lacked VP2 (ORF2�3�UTR).
Therefore, the presence of VP2 increases the stability of the
VP1 protein.

VP2 increases NV VLP particle stability and size homoge-
neity. Since VP2 interacts with VP1 in a specific manner and
VP2 is present in virus particles (15), we wondered whether

FIG. 3. Comparison of steady-state levels of ORF2 mRNA and
VP1 expressed from different constructs. (A) The steady-state levels of
NV ORF2 mRNA were assessed at 36 hpi in 3 � 106 cells infected with
the different recombinant baculoviruses by Northern blotting with a
32P-labeled probe specific for the NV ORF2 gene. Ethidium bromide
(EtBr) staining of the total amount of RNA run was used as a loading
control. The ethidium bromide-stained bands shown correspond to the
rRNA. The bands that corresponded to the expected molecular sizes,
2.0 kb for ORF2 alone and 2.5 kb for the entire subgenomic RNA,
were quantitated by phosphorimaging. The values shown at the bottom
of each lane of the gel are the average of three independent experi-
ments and represent the relative amounts of RNA with respect to the
amount obtained with the entire subgenomic RNA construct
(ORF2�3�3�UTR). The highest values are shaded. The band corre-
sponding to the RNA for the ORF2-alone construct was not high
enough to be seen on this exposure of the gel, but it was detected by
the phosphorimager. (B) The level (�g) of VP1 from the same samples
was determined by analysis of duplicate samples by ELISA. Purified
rNV VLPs were used as the positive antigen control at concentrations
ranging from 0.5 to 62 ng. Each bar shows the arithmetic means of
three independent experiments. Error bars represent one standard
error of the mean.

11608 BERTOLOTTI-CIARLET ET AL. J. VIROL.



VP2 allows the formation of more stable particles, thus pro-
tecting the VP1 capsid protein in particles from disruption or
protease degradation. To analyze whether the presence of VP2
stabilizes the particles, we performed DLS analysis of NV
VLPs produced with VP1 alone or with both VP1 and VP2.
VLP preparations were analyzed in Tris-HCl (pH 6.7), which
does not affect particle stability (58). Three different prepara-
tions of independently purified VLPs were analyzed. The par-
ticle preparations formed by VP1 and VP2 contained a signif-
icantly (P � 0.021) larger number of intact particles (85%)
than particles composed entirely of VP1 (�15%) (Fig. 5A and
B). The particles that contained VP2 in addition to VP1 were
more monodisperse and homogeneous in size than the ones
that lacked VP2 (Fig. 5C and D). These results suggest that the
presence of VP2 in NV VLPs increases the stability and size
homogeneity of the particles.

VP2 increases the stability of VP1 and protects VP1 from
protease degradation. To further analyze the effect of VP2 on
VP1 stability, we subjected VP1 or VP1/VP2 NV VLPs to
protease treatment (Fig. 6). Intact VP1 or VP1/VP2 NV VLPs
in Tris-HCl (pH 6.7), or particles suspended in Tris-HCl (pH
8.9), to promote disassembly (58), were treated with trypsin or
pancreatin, and cleavage products were analyzed by Western
blotting. In order to observe a difference in sensitivity to pro-
tease treatment between the two types of particles, the parti-
cles were treated for an extended time with a high concentra-
tion of protease. In the case of the protein originating from the
VP1/VP2 particles (right panel), most (99%) of the VP1 from
the intact VLPs, in Tris-HCl (pH 6.7), remained protected
from trypsin digestion. In contrast, for the VP1/VP2 (pH 8.9)
disassembled VLPs, a significant amount of VP1 was cleaved
by trypsin, as indicated by the loss of the 58K band and the
appearance of a smaller band (32K) that corresponds in ap-
parent molecular weight to the protruding domain of the pro-
tein (Fig. 6) (26). NV VLPs were more sensitive to pancreatin
digestion than to trypsin digestion. Although some VP1 re-
mained protected from pancreatin treatment in the intact VP1/
VP2 VLPs (58%), treatment of the disassembled VP1/VP2
VLPs with pancreatin completely degraded VP1. Treatment of
the particles containing only VP1 (left panel) showed that VP1
was sensitive to trypsin and pancreatin degradation when VP1
was disassembled at pH 8.9. When intact particles at pH 6.7
were treated with pancreatin, the VP1 from VP1 particles was
also more sensitive to pancreatin treatment than VP1 from
VP1/VP2 particles. These results indicate that VP1 is less sen-
sitive to protease treatment when assembled into VLPs. In
addition, these data suggest that when VP2 is associated with
particles, VP1 is more resistant to protease degradation. Thus,
VP2 appears to influence the conformation or stability of VP1
in VLPs.

The increase of VP1 expression in the presence of VP2 is
also observed in mammalian cells. To determine whether VP2
also enhances the expression of VP1 in mammalian cells, we
analyzed the effect of VP2 on VP1 levels in HEK 293T cells. A
clone containing the entire NV subgenomic RNA downstream
of the GFP under the cytomegalovirus promoter was con-
structed (GFP-ORF2�3�3�UTR) (Fig. 1B), so VP1 was ex-
pressed as a fusion protein with GFP. In addition, another
construct was generated by site-directed mutagenesis by using
the GFP-ORF2�3�3�UTR as a template to mutate the ORF3

initiation codon (AUG3ACG) to block VP2 expression (Fig.
1B).

The levels of GFP-VP1 expression were compared after
transfection of HEK 293T cells with either the construct ex-
pressing the entire subgenomic NV RNA (GFP-ORF2�3�
3�UTR) or the mutated construct (GFP-ORF2-AUG3ACG-
ORF3�3�UTR) by both densitometry and flow cytometry
analyses. Cotransfection with luciferase was used as an internal

FIG. 4. Analysis of VP1 stability. (A) For pulse-chase experiments
performed in insect cells, cells were infected with the recombinant
baculoviruses containing the entire NV subgenomic RNA
(ORF2�3�3�UTR) or lacking the 3�UTR (ORF2�3) or the ORF3
gene (ORF2�3�UTR). After a 30-min pulse at 36 hpi, chase periods of
6, 12, and 24 h were analyzed. The samples from each of the indicated
time points were immunoprecipitated with a rabbit hyperimmune se-
rum against the NV VP1 capsid protein in RIPA buffer, and the
samples were then analyzed by autoradiography on an SDS-12% poly-
acrylamide gel. The arrows indicate the bands that correspond to the
uncleaved VP1. The asterisk indicates a VP1-related band that is not
present in the NV VLPs and has not been detected previously. This
band was not included in the VP1 quantitation and was not present in
the wild-type baculovirus (BV WT). The band was not detected when
a monoclonal antibody was used to immunoprecipitate the protein;
however, the epitope that the monoclonal antibody used may not be
present in this VP1-related protein. (B) Phosphorimaging was per-
formed to quantitate each band, and the amount of VP1 present at the
zero time point for each recombinant baculovirus was set to 100%. The
amount of VP1 at additional time points was represented relative to
the amount of protein at 0 h after pulse-labeling. The values shown are
the arithmetic means of three independent experiments. The error
bars represent one standard error of the mean. The half-life of VP1
expressed from each of the recombinant baculoviruses tested was cal-
culated from the curves obtained.
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control for transfection efficiency. In both cases, the same
numbers of cells were transfected with the same amount of
DNA from each construct, and GFP-VP1 expression was an-
alyzed 24 h posttransfection. The same volume of each cell
lysate was analyzed by Western blot with an antibody specific
for the NV capsid protein (Fig. 7A), and the bands correspond-
ing to the GFP-VP1 fusion protein were quantitated by den-
sitometry and normalized to luciferase values (Fig. 7B). Over a
range of amounts of DNA (0.25 to 1.0 �g) used for the trans-
fections, the construct containing the entire subgenomic NV
RNA reproducibly expressed significantly higher amounts
(threefold; P � 0.002) of the GFP-VP1 fusion protein than the
construct that did not express VP2 (GFP-ORF2-AUG3ACG-
ORF3�3�UTR). The amount of GFP-VP1 fusion protein de-

tected in HEK 293T cells correlated (P � 0.001; r2 � 0.978
[Pearson correlation coefficient]) with the amount of DNA
used to transfect the HEK 293T cells.

The same results were obtained when the cells were an-
alyzed by flow cytometry (data not shown). The level of
GFP-VP1 intensity was twofold higher (200.6 versus 123.6)
when the construct expressed VP2. Similar transfection ef-
ficiencies were obtained with the GFP-ORF2�3�3�UTR
(41%) and the GFP-ORF2-AUG3ACG-ORF3�3�UTR
(31%) constructs. Therefore, the increase in VP1 expression
due to VP2 observed in insect cells is reproduced in mam-
malian cells, suggesting that the effects exerted by NV VP2
are relevant in a system that more closely mimics natural
NV host cells.

FIG. 5. DLS analysis of the homogeneity of intact particles in preparations of VLPs composed of only VP1 or of both VP1and VP2 proteins
(VP1/VP2). (A and B) Graphs show the percentage of intact particles from either VP1 VLP or VP1/VP2 VLP preparations, respectively. The
particles were analyzed in conditions known to keep the particles assembled (Tris-HCl [pH 6.7]). Histograms of the percentage of scatter for VP1
(A) or VP1/VP2 particles (B) particles measured at a 90° scattering angle are shown. Because the total protein concentration was similar for all
of the preparations, the percentage of scatter represents the molecular mass and effective protein concentration for each particle size. (C and D)
In addition, the particle size distributions for VP1 (C) and VP1/VP2 (D) particles are shown. The vertical lines in panels C and D represent the
distributions of different particle sizes in the sample for each reading. The top square represents the largest particle found in the sample
(nanometers of radius), the middle square represents the average particle size, and the bottom square the smallest particle size found in the sample.
A monodispersed, homogeneous sample is expected to have only one size of particle, depicted as one square and no line. Twenty-five readings were
recorded for each sample. Three different samples for each type of particles (VP1 or VP1/VP2) were analyzed. The data from one representative
reading are shown.
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DISCUSSION

We report here the novel observation that expression and
stability of the NV VP1 capsid protein are regulated by ele-
ments at the 3� end of the NV genome. We determined that
the level of VP1 expression in insect and mammalian cells is
regulated by the expression of NV VP2 and the presence of the
3�UTR. Understanding the mechanism by which these ele-
ments regulate VP1 expression provides insight into NV RNA
expression, as well as practical implications for expression of
calicivirus capsid proteins for vaccine development and further
structural studies. Importantly, understanding the require-
ments for optimal NV gene expression may enable the culti-
vation of the virus, a task that has been the focus of great effort
for more than 30 years.

We have found that one of the functions of VP2, a small
structural protein present in all caliciviruses examined to date,
is to regulate the stability and therefore the levels of VP1
capsid protein during its expression in insect cells. Constructs
in which the expression of VP2 was blocked showed a marked
decrease in VP1 capsid protein level and stability. A working
model is proposed to explain the effect of VP2 on the stability
of the VP1 capsid protein (Fig. 8). VP2 may stabilize the VP1
capsid building blocks to produce a particle that is resistant to
protein degradation and disassembly. In agreement with this
model, NV VLPs that possess VP2 (VP1/VP2 VLPs) were
more resistant to protease degradation and showed more in-
tegrity and homogeneity by DLS than NV VLPs that lacked
VP2 (VP1 VLPs). The effect of the VP2 protein stabilizing the
assembled capsid is reminiscent of the adenovirus small
polypeptide pIX (7, 9, 51). Protein IX acts to reinforce the
adenovirus virion keeping the capsid assembled and protecting

it from protease degradation (14). Although there have not
been other published studies on the involvement of the calici-
virus VP2 in VP1 gene regulation or protein expression, block-
ing FCV VP2 expression by inclusion of a premature stop
codon in the FCV ORF3 gene of a FCV infectious clone has
been reported to block FCV replication (20).

In addition to the stability of VP1, the rate of synthesis of the
VP1 capsid protein may be affected by the presence of VP2.
Indeed, VP2 may also affect the expression rate of VP1 be-
cause the level of VP1 synthesized in a 30-min pulse was at
least three times higher for the ORF2�3 recombinant bacu-
lovirus than for VP1 made by a recombinant that contained
ORF2�3�UTR. This observation, which was reproduced at
least five times, is not related to the degradation of the protein
because, even in the absence of VP2, the half-life of VP1 was
10 h. Analysis of the involvement of VP2 in the regulation of
VP1 translational initiation is not possible for NV since it
would require an infectious clone. However, studies with the
FCV infectious clone with mutations to block VP2 expression
may facilitate determination of the mechanism involved in the
regulation of VP1 expression by VP2.

The effect of VP2 is only seen when the protein is present in
cis. This may be because the level of VP2 needs to be regu-
lated, either in a temporal or a spatial manner. The expression
level of VP2 from the bicistronic ORF2�3 subgenomic RNA is
very low, whereas VP2 is expressed in high yields when a
recombinant baculovirus generated with a construct containing
only ORF3�3�UTR is used to infect insect cells (15). Proteins
made in stochastic amounts, such as VP2, may have regulatory
roles because very little protein is needed to perform their
function(s) efficiently. If VP2, as it is believed, is inside the
capsid and in close proximity to the VP1 capsid protein, then
the introduction of the protein in trans, using a recombinant
baculovirus that expresses VP2 in high yields, may overfill the
particles, rendering them susceptible to disassembly and there-
fore to protease degradation. In fact, VLPs obtained from dual
infections with individual ORF2 and ORF3 baculovirus con-
structs were previously noted to be unstable (15). Although
NV VLPs are able to form in insect cells dually infected with
independent baculovirus recombinants that express VP1 and
VP2 separately, it is likely that only a limited number of VP2
molecules need to be and can be incorporated in stable parti-
cles (15). When overexpressed in trans, VP2 also might not be
present at the correct place at the right time to function prop-
erly. If a low amount of VP2 is needed to perform its function
efficiently, the mechanism by which it is synthesized from the
subgenomic RNA should be regulated. A mechanism of ter-
mination-reinitiation or internal initiation has been suggested
for synthesis of the VP2-like protein of FCV based on in vitro
studies in rabbit reticulocyte lysates (28). Consistent with the
idea of a termination-reinitiation mechanism for the synthesis
of VP2, we found that a mutant with a premature stop codon
located in ORF2 120 nucleotides upstream of the ORF3 AUG
still synthesized VP2 (data not shown).

An alternative explanation for seeing the VP2 effect over
VP1 expression only when the protein is present in cis, other
than the requirement for a balanced equilibrium between the
VP1/VP2 protein ratios, is that ORF3 must be translated in cis
for successful protein function. A requisite for translation in cis
could result from the preferential cis action of VP2. VP2 may

FIG. 6. Analysis of the sensitivity of intact or partially denatured
rNV VLPs to protease degradation. VLPs composed of only the VP1
capsid protein (VP1 VLPs) or composed of both VP1 and VP2 pro-
teins (VP1/VP2 VLPs) were kept assembled (Tris-HCl [pH 6.7]) or
disassembled by high-pH treatment (Tris-HCl [pH 8.9]) prior to pro-
tease digestion. (A) After protease digestion, the proteins were sepa-
rated in SDS–12% polyacrylamide gels, and the bands were analyzed
by Western blotting with a rabbit serum specific to VP1 (30). The
arrows indicate the bands that correspond to the uncleaved 58K full-
length VP1 and the 32K soluble protein formed by the protruding
domain (26). V, VLPs; D, disassembled form of the NV VP1 capsid
protein. (B) The arithmetic means of the densitometric values corre-
sponding to the VP1 bands are shown for three experiments.
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be necessary in a newly synthesized form to bind the ORF2
RNA to establish it as a template for translation. A similar
mechanism has been described for the synthesis of the �-tu-
bulin protein that acts in cis to affect its own translational levels

(3, 55, 59). Tubulin synthesis is controlled by a cotranslational
mechanism that involves the binding of the tubulin mRNA to
a nascent beta-tubulin peptide as it emerges from the ribosome
(3, 55). Another possibility is that the function of ORF3 may

FIG. 7. Regulatory effect of VP2 on expression of VP1 in mammalian cells. (A) Western blot analysis of a GFP-VP1 fusion protein expressed
in HEK 293T cells after transfection with constructs containing the entire NV subgenomic RNA (GFP-ORF2�3�3�UTR) or lacking the ability
to express VP2 (GFP-ORF2-AUG3ACG-ORF3�3�UTR). After transfection of cells with the indicated amount (in micrograms above each lane)
of DNA into 293T cells, the same amount of cell lysate was used to analyze the expressed proteins. The NV VP1 capsid protein was detected by
Western blotting with a rabbit serum specific to VP1. The sizes are shown in kilodaltons, and the arrow indicates the band that corresponds to the
uncleaved GFP-VP1 fusion protein. The Western blot shown in the right panel was performed with rabbit sera specific to VP2 (15, 16). The band
corresponding to the VP2 protein is indicated with an arrow and was only observed when the GFP-ORF2�3�3�UTR recombinant was expressed.
(B) The bands corresponding to the expected molecular weight for the GFP-VP1 fusion protein in panel A were analyzed by densitometry. The
densitometric values were normalized by using luciferase activity values and the relative amounts of GFP-VP1 are shown. Each bar shows the
arithmetic means of three independent experiments performed with different DNA preparations. The error bars represent one standard error of
the mean.
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require the act of the ribosomal passage itself in cis through the
ORF3 RNA. Likewise, there is a cis-translation region in the
poliovirus genome that is present in a coding region that is
indispensable for the genome to replicate, even when viral
proteins are provided in trans from a helper genome (18, 41,
50). Unfortunately, the lack of a replication system for NV
continues to hamper studies of the involvement of VP2 in
replication. Further studies are required to establish the details
of the mechanism for the requirement of NV VP2 synthesis in
cis. However, recognition that ORF3 may be part of a cis-
translation regulatory system may help guide studies trying to
establish infectious clones of NV or studies with infectious
clones of cultivable caliciviruses, since mutation or deletion of
this region may lead to lethal mutations.

Multiple forms of VP2 have been observed in NV virions
and VLPs by Western blot analysis, including 23K and 35K
forms (15). Recent sequence analysis by mass spectrometry of
the 35K form of VP2 confirmed that it is composed only of
phosphorylated VP2 (16). Do the two forms of VP2 have
different roles during the viral life cycle? The 23K form of VP2
is found in NV VLPs (ORF2�3�3�UTR), whereas the 35K
form is found primarily in NV virions that contain RNA. In
some NV virions, the 23K VP2 form was found and electron
microscopic analysis of these particles showed that they were
mostly empty (15). The 23K form of VP2 seems to be sufficient
to affect VP1 capsid protein stability since the VLPs analyzed
by DLS and protease digestion contain only the 23K form of
VP2. These results suggest that the phosphorylated 35K form
of VP2 may have different functions from the 23K form. Other
small, phosphorylated viral proteins have been reported to
enhance translation. For example, NSP3, a nonstructural phos-

phorylated protein from rotaviruses, has been shown to en-
hance translation of viral RNAs by binding as a dimer to the 3�
end of the viral RNAs and likely circularizing the RNA (46–
48). It has also been proposed that the 35K form of VP2 is
involved in encapsidation of viral RNA. Further progress in
dissecting the properties of these different forms of ORF3 will
require the ability to purify each form of the protein in high
yields, a challenge that has recently been achieved (16).

Importantly, the effect of VP2 on the expression levels of
VP1 is also observed in mammalian HEK 293T cells. However,
the different effects on the levels of expression in mammalian
cells between the construct that expresses VP2 and the one
that does not are not as remarkable (2- to 3-fold increase) as in
insect cells (12-fold increase). One possible explanation for the
lower effects seen in mammalian cells is that fusion of GFP to
VP1 in the two constructs may have influenced the results. For
example, the half-life of VP1 alone when fused to GFP was
increased in mammalian cells (data not shown), and this could
have reduced the detected stabilizing effect of VP2 on VP1.
However, since both of the constructs have GFP and the only
difference between them is the expression or lack of expression
of VP2, the difference in levels of GFP-VP1 expression is not
dependent on the presence of GFP but on the presence or
absence of VP2. In addition, the effect of VP2 on VP1 expres-
sion in a replication-competent vector, such as baculoviruses,
may be different than when the proteins are expressed from a
cytomegalovirus promoter-driven expression plasmid.

The enhancement of VP1 expression levels by VP2 was not
observed in a reticulocyte lysate system (data not shown). The
reason for this may be the requirement for certain cellular
factors absent in the reticulocyte lysates or the necessity for

FIG. 8. Proposed model for the mechanism of the VP2 stabilizing effect on NV VP1 capsid protein. Particles composed of both VP1 and VP2
proteins are more stable than those composed only of the VP1 capsid protein. Therefore, particles composed only of VP1 (A) could be more
sensitive to various treatments (such as pressure, heat, pH, or changes in ionic concentration; represented by the shaded arrow) that cause
disassembly of the particles compared to particles that also contain VP2 (B). Once the particles disassemble, the soluble VP1 capsid protein may
be more sensitive to protease degradation (solid arrows) because of the exposure of more cleavage sites.
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assembly of particles that in turn may require higher levels of
protein expression than can be achieved in such a cell-free
system.

In addition to the VP2 protein, the presence of the 3�UTR
downstream of the NV ORF2 gene increases the steady-state
levels of NV ORF2 mRNA. However, it does not directly affect
the level of VP1 synthesis. The reason for the increased RNA
levels in constructs that have the 3�UTR is not simply due to an
increased length of the RNA because, even though the
ORF2�3 recombinant produced a longer RNA than the
ORF2�3�UTR, the steady-state levels of ORF2�3 RNA were
lower. This raises the question of what regulatory elements are
present in the NV 3�UTR that affect the steady-state levels of
NV ORF2 mRNA. The 3�UTRs of positive-stranded RNA
viruses such as hepatitis C, hepatitis E, and turnip crinkle
viruses are the sites for binding of the RNA-dependent RNA
polymerase complexes (1, 53). Several elements have been
described at the 3� end of RNA viral genomes that regulate
viral gene expression (1, 12). Poly(A) tails, for example, are
known to be intimately involved in the control of mRNA turn-
over by degradation (2, 11). In addition, AU-rich elements
present at the 3� end of the RNAs are bound by a number of
cellular and viral proteins that alter the stability and translation
rate of the RNAs (8). Most of the cis-acting signals in viral
RNAs that are involved in gene expression are formed by
secondary structures. Although there is little known about the
presence of RNA structures at the 3� end of calicivirus ge-
nomes, a predicted stem-loop at the 3�UTR of the RHDV and
FCV genomes has been reported (52). In addition, the NV
3�UTR increases luciferase expression in insect cells when
located downstream of the luciferase gene (data not shown),
suggesting that, like other 3�UTR elements (12), the NV
3�UTR effect is not limited to NV genes. Although further
analysis of the effect of the NV 3�UTR on foreign genes is
needed, this observation may be of practical value; the NV
3�UTR could potentially be used to enhance the protein ex-
pression of other foreign genes in insect cells.

The results of the present study also have other practical
applications. For example, although high yields of NV VLPs
are obtained when VP1 is expressed in baculovirus constructs
that contain the entire subgenomic RNA (32), expression of
other calicivirus capsid proteins has resulted in low yields or
unstable VLPs (4, 21–24, 42, 32, 33). Most of these reports
used recombinant constructs that lacked the VP2 protein, the
3�UTR, or both or have used different baculovirus transfer
vectors. Reanalysis of expression levels in insect or mammalian
cells with new constructs that contain the entire subgenomic
RNA may result in higher levels of more stable VLPs repre-
senting the capsids of a wide range of genera of human cali-
civiruses needed for antigenic, biological, structural, and vac-
cine studies.
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