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VP2 is the minor structural protein of noroviruses (NoV)
and may function in NoV particle stability. To determine
the function of VP2 in the stability of the NoV particle, we
constructed and purified two kinds of virus-like particles
(VLPs), namely, VLPs (VP1) and VLPs (VP1+VP2), from
Sf9 cells infected with recombinant baculoviruses by using
a Bac-to-Bac® baculovirus expression system. The two kinds
of VLPs were treated with different phosphate buffers (pH
2 to pH 8); the secondary structure was then analyzed by
far UV circular dichroism (CD) spectroscopy. Results showed
that significant disruptions of the secondary structure of
proteins were not observed at pH 2 to pH 7. At pH 8, the
percentages of a-helix, S-sheet, and S-turn in VLPs (VP1)
were decreased from 11% to 8%, from 37% to 32%, and
from 20% to 16%, respectively. The percentage of coil was
increased from 32% to 44%. By contrast, the percentages of
a-helix, $-sheet, and -turn in VLPs (VP1+VP2) were de-
creased from 11% to 10%, from 37% to 35%, and from 20%
to 19%, respectively. The percentage of coil was increased
from 32% to 36%. VLPs (VP1+VP2) was likely more stable
than VLPs (VP1), as indicated by the percentage of the se-
condary structures analyzed by CD. These results suggested
that VP2 could stabilize the secondary structure of VLPs
under alkaline pH conditions. This study provided novel
insights into the molecular mechanism of the function of
VP2 in the stability of NoV particles.
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Introduction

Norovirus (NoV) is a genus belonging to the family Calici-

viridae and recognized as one of the most common agents
of infectious gastroenteritis among persons of all ages (Wid-
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dowson et al., 2005). The NoV genus is further subdivided
into five genogroups (GI to GV) based on sequence in-
formation of genes encoding viral RNA-dependent RNA
polymerase and capsid protein (Zheng et al., 2006). Three
of these genogroups, particularly I, II, and IV, are found in
humans (Ando et al., 2000; Karst et al., 2003); among these
genogroups, genogroup II viruses (more precisely, geno-
group II.4 NoV) is the most prevalent (Atmar and Estes,
2006; Svraka et al., 2007; Kroneman et al., 2008). The NoV
genome consists of a single-stranded positive-sense RNA
of approximately 7.6 kb organized into three open reading
frames (ORF): ORF1 encodes non-structural proteins; ORF2
encodes the major capsid protein VP1; and ORF3 encodes
the minor structural protein VP2 (Jiang et al., 1993).

NoV cannot be cultivated in cell culture, and no animal mo-
del has been established yet. As such, studies of NoV have
been impeded. When expressed in insect cells using a ba-
culovirus expression system, the capsid protein VP1 spon-
taneously forms empty virus-like particles (VLPs) without
RNA, and these particles structurally and antigenically mi-
mic the native virus except they do not contain RNA (Jiang
et al., 1992). VLPs can be expressed and purified in rela-
tively high yields. Furthermore, these particles are the source
of data regarding the structural and functional domains of
VP1 and NoV capsids.

NoV is stable in the environment and retains its infec-
tivity even after this virus is exposed to pH 2.7 for 3 h and
after it is heated at 60°C for 30 min (Pirtle and Beran, 1991).
The NoV surrogate feline calicivirus shows that VLPs are
stable at room temperature for more than 20 d and at 4°C
for 60 d when these particles are dried on a surface. Infec-
tious virus titers have been detected even after feline cali-
civirus is heated at 70°C for 3 min (Doultree et al., 1999).
Although VLPs assemble in the absence of VP2, evidence
suggests that VP2 may function in particle stability (Berto-
lotti-Ciarlet et al., 2002). However, the exact function of
VP2 in NoV particles remains unknown.

In the present study, the function of the VP2 protein in the
stability of the secondary structure of NoV VLPs was in-
vestigated by circular dichroism spectroscopy (CD). The
results of the study provided new insights into the function
of NoV VP2.

Materials and Methods

Construction of recombinant baculovirus for VP1 and VP2
pMD-ORF2 and pMD-ORF3 plasmids, which contained the



VP1 gene (GenBank EF535854) and the VP2 gene (GenBank
EF635440) of genogroup II NoV, respectively, were kindly
provided by Dr. Wang (Shang Hai Jiao Tong University,
China). The primers used to generate the ORF2 of NoV
were pNVORF2f (5-TTTGTCGACATGAAGATGGCGA
CGAATGACG-3") and pNVORF2r (5-TTTGGTACCTA
ATGCACGTCTACGC-3') containing restriction enzyme
sites (underlined). The PCR mixture of ORF2 contained
1.0 pl of plasmid pMD-ORF2, 2.0 U Taq DNA polymerase
(Fermentas, Canada), 5.0 ul of 10x Taq buffer (with Mg%),
1.0 ul of 10.0 mM dNTPs, and 1.0 pl of 10.0 mM primers
(pPNVORF2f and pNVORF2r). Deionized water was also
added to obtain the final volume of 50.0 pl. The ORF2 am-
plification conditions were listed as follows: initial denatu-
ration at 94°C for 5 min; denaturation for 30 sec at 94°C;
annealing for 50 sec at 55°C; and extension for 2 min at
72°C for 30 cycles with additional 7 min of extension at
72°C.

The primers used to generate the ORF3 of NoV were
pNVORF3f (5 -TTTGTCGACATGGCTGGGGCTTTCTT
TGC-3') and pNVORF3r (5 -TTTGGTACCTAAGTGATG
GTGATGGTGATGCGCCCGTGACTCC-3') containing res-
triction enzyme sites and 6xHis tag (italicized). The PCR
mixture of ORF3 contained 1.0 ul of plasmid pMD-ORF3,
2.0 U Tag DNA polymerase (Fermentas, Canada), 5.0 pl 10x
Taq buffer (with Mg”*), 1.0 ul of 10.0 mM dNTPs, and 1.0 ul
of 10.0 mM primers (pNVORF3f and pNVORF3r). Deio-
nized water was also added to obtain the final volume of
50.0 ul. The ORF3 amplification conditions were listed as
follows: initial denaturation at 94°C for 5 min; denatura-
tion for 30 sec at 94°C; annealing for 40 sec at 56°C; and
extension for 1 min at 72°C for 30 cycles with additional 7
min of extension at 72°C.

The PCR-generated ORF2 or ORF3 fragment digested with
Sall and Kpnl was ligated in a previously Sall- and Kpnl-
digested baculovirus transfer vector pFastBac to generate the
recombined transfer vectors. The recombinant baculovirus
expressions of VP1 and VP2 were generated in Sf9 cells
(Spodoptera frugiperda ovarian cell line) by using a Bac-to-
Bac® baculovirus expression system (Invitrogen, USA) in
accordance with the manufacturer’s instructions. Recombi-
nant baculoviruses were plaque-purified twice before infec-
tion was induced in Sf9 cells. Two clones of each recombi-
nant baculovirus (Bac-VP1 and Bac-VP2) were subjected to
PCR and confirmed that these clones contained the target
DNA; the following M13 primers were used according to
the recommended protocol: M13F 5'-GTTTTCCCAGTCA
CGAC-3" and M13R 5-CAGGAAACAGCTATGAC-3".

Expression and purification of VLPs

The recombinant baculovirus stock Bac-VP1 was generated
and monolayers of Sf9 insect cells were infected at a multi-
plicity of infection (MOI) of 5 to obtain VLPs (VP1) with-
out VP2. At 5 d post-infection, cells and supernatants were
harvested and subjected to three freezing/thawing cycles.
Cell lysates were centrifuged at 5,000 x g for 15 min to sep-
arate the cell debris. Clear supernatants were centrifuged
again at 10,000 x g for 30 min to spin down large protein
complexes or baculovirus particles. The VLPs in the super-
natant were then purified by centrifugation at 100,000 x g
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for 150 min. To purify VLPs, we separated the resuspended
pellets by sucrose step gradient (5% to 45%) centrifugation
(Jiang et al., 1992, 1995). The pellet was resuspended in sterile
water and then stored at 4°C until further use. Purity was
assessed by SDS-PAGE and Coomassie staining.

Sf9 cells were dually infected with Bac-VP1 and Bac-VP2
to obtain VLPs (VP1+VP2) containing VP2. Each recombi-
nant baculovirus was administered at MOI of 5 according
to a previously described method (Glass et al., 2000). VLPs
(VP1+VP2) were purified using the same protocol described
above.

Western blot analysis

Ultracentrifugation-purified VLPs (VP1) or VLPs (VP1+VP2)
were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE). In western blot analysis,
proteins were transferred to a nitrocellulose membrane ac-
cording to a previously described method (Wang et al., 2008).
In brief, the membrane was blocked with 1% bovine serum
albumin (Sigma) overnight at room temperature with agita-
tion. Afterward, this membrane was washed thrice with phos-
phate-buffered saline (PBS) containing 0.1% (v/v) Tween 20
(PBS-T) and then incubated with the first antibody 12F4
(1:1000) (Wang et al., 2008) against VP1 or anti-6xHis tag
monoclonal antibody (1:1000; Tiangen Biotech Co., Ltd.,
China) at 37°C for 30 min. After rinsing with PBS-T, the
membrane was incubated with horseradish peroxidase (HRP)
conjugated goat anti-mouse IgG (1:10000; Tiangen Biotech
Co., Ltd.). Western blot reactivity was developed using an
enhanced HRP-DAB chromogenic substrate kit (Tiangen
Biotech Co., Ltd.). S{9 cells infected with wild-type baculo-
virus and uninfected Sf9 cells were used as control samples
in western blot analysis.

Electron Microscopy (EM)

The prepared VLPs were stained with 2% uranyl acetate
and then examined under an electron microscope (H-7650,
HITACHI) at a magnification of 50,000x.

Fig. 1. Electron micrographs of VLPs (VP1) and VLPs (VP1+VP2). (A)
VLPs (VP1), virus-like particles composed of VP1 alone, from Sf9 cells
infected by recombinant baculoviruses Bac-VP1, ultracentrifugation-pu-
rified by sucrose step gradient, negative stained; (B) VLPs (VP1+VP2),
composed of VP1 and VP2, which are obtained from Sf9 cells dually in-
fected by recombinant baculoviruses Bac-VP1 and Bac-VP2, ultracentri-
fugation-purified by sucrose step gradient, negative stained. The size of
the two kinds of VLPs is approximate 38 nm, and no evident morpho-
logical difference between the two kinds of VLPs.
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Fig. 2. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) analysis of VLPs (VP1) and VLPs (VP1+VP2). Purified VLPs
(VP1) and VLPs (VP1+VP2) were analyzed by SDS-AGE. Lanes: M, pro-
tein marker; 1 and 2, Purified VLPs (VP1); 3 and 4, Purified VLPs
(VP1+VP2). Both VLPs (VP1) and VLPs (VP1+VP2) show 58 kDa bands,
however, VLPs (VP1+ P2) did not show 23 kDa band, as expected.

Secondary structure analysis

Purified VLPs (VP1) and VLPs (VP1+VP2) were treated
with phosphate buffer at different pH levels (pH 2 to pH 8)
for 1 h at room temperature. Afterward, these VLPs were
analyzed by far UV CD spectroscopy using Jasco 810 spec-
tropolarimeter (Jasco Inc., Japan) equipped with a computer
(Ausar et al., 2006). VLPs solutions were prepared at a pro-
tein concentration of 0.22 mg/ml and placed in 0.1 cm path
length stoppered quartz cuvettes. Spectra were obtained at
a resolution of 0.5 nm and a scanning speed of 20 nm/min
with a response time of 2 sec and a bandwidth of 1 nm. Each
spectrum corresponded to an average of six independent
scans. The secondary structures of the two kinds of VLPs
were analyzed with Spectra ManagerTM 1I software (Jasco
Inc.) based on a previously described model (Yang et al.,
1986).

Results

Construction of recombinant baculovirus to produce VP1
and VP2

The recombinant baculoviruses Bac-VP1 and Bac-VP2 were
constructed according to the manufacturer’s manual of the
Bac-to-Bac® baculovirus expression system. The VLPs (VP1)
was purified from Sf9 cells infected by Bac-VP1 and exa-
mined by EM (Fig. 1 A), SDS-PAGE (Fig. 2, Line 1 and 2),
and western blot (Fig. 3). VP1 with typical NoV morpho-
logical characteristics was observed in negatively stained
EM grids prepared from the peak fractions containing 58
kDa capsid proteins.

The VLPs (VP1+VP2) was purified from Sf9 cells dually
infected with Bac-VP1 and Bac-VP2. EM (Fig. 1B) and SDS-
PAGE (Fig. 2, Lines 3 and 4) results showed that the VLPs
(VP1) and the VLPs (VP1+VP2) did not differ. However,
western blot results showed that VLPs (VP1+VP2) exhibited
a 23 kDa band, indicating the presence of VP2 in the VLPs
(VP1+VP2) (Fig. 4).

Fig. 3. Western blot analysis of VLPs

kDa (VP1). VLPs (VP1) were transferred to
a nitrocellulose membrane after sepa-
91— rated by sodium dodecyl sulfate-poly-
65 — acrylamide gel electrophoresis (SDS-
PAGE), incubated with the first anti-
45— body against VPI, followed by the se-

cond antibody conjugated horseradish
peroxidase. Lanes: M, Prestained pro-

24— tein marker; 1, Purified VLPs (VP1),
which showed a specific protein band
at nearly 58 kDa; 2 and 3, Negative con-
trol, Sf9 cells infected with wild-type

18 — baculovirus and uninfected Sf9 cells
respectively, which showed no bands
at all.

Secondary structure analysis of 2 kinds of VLPs

The stability of the secondary structure of the two kinds of
VLPs in buffers with different pH levels was analyzed by
CD. The spectrum of VLPs composed of VP1 at pH 7 showed
a single negative spike at approximately 205 nm and two
weak positive maxima at approximately 193 nm and 233
nm. These spectral characteristics suggested that the VP1
protein contained a significant amount of 3-sheet. Secon-
dary structure analysis (Yang et al., 1986) revealed that the
percentages of a-helix and f3-sheet were 11% and 37%, res-
pectively. These results are in good agreement with crys-
tallographic data (Prasad ef al., 1999) and CD spectrum data
available for VP1 (Ausar et al., 2006). The percentages of
B-turn and coil were 20% and 32%, respectively. Similar
spectra were obtained, indicating that these secondary struc-
tures were not significantly disrupted at pH 2 to pH 6. At
pH 8, the percentages of a-helix, S-sheet, and f-turn in
VP1 were decreased from 11% to 8%, from 37% to 32%, and
from 20% to 16%, respectively. By contrast, the percentage
of coil was increased from 32% to 44%. The minima in the
observed CD spectrum at pH 8 shifted from 205 nm to 200
nm, which differed from that in the CD spectrum obtained
at pH 2 to pH 7, in which a minima shift accureed from
205 nm to 202 nm (Fig. 5).

The spectrum of VLPs (VP1+VP2) at pH 7 did not evi-
dently differ from that of VLPs (VP1) (data not shown), and
the percentage of each secondary structure was the same as
that of VP1. The same result was also observed at other pH
levels except pH 8. At pH 8, the percentages of a-helix,
B-sheet, and 3-turn were decreased from 11% to 10%, from
37% to 35%, and from 20% to 19%, respectively. The per-

M 1 2 Fig. 4. Western blot analysis of the VP2 in

kDa VLPs (VP1+VP2). Purified VLPs (VP1+VP2)
were analysised by western blot to detect the

91— VP2 protein. VLPs (VP1+VP2) were trans-
65 — ferred to a nitrocellulose membrane after

separated by SDS-PAGE, incubated with the

anti-6xHis tag monoclonal antibody, followed

by the second antibody conjugated horsera-

24 — dish peroxidase. Lanes: M, Prestained protein

marker; 1, Purified VLPs (VP1+VP2), which

showed a specific protein band at nearly 23

_ kDa; 2, Negative control, uninfected Sf9 cells,
18 which showed no bands at all.

45—
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Fig. 5. Circular dichroism (CD) spectra of
VLPs (VP1) and VLPs (VP1+VP2) at pH 2
to pH 8. X-axis: the scanning wavelength;
Y-axis: the CD value. At pH 2 to pH 7, no
evident difference in CD spectra between
VLPs (VP1) and VLPs (VP1+VP2). The
CD spectra of VLPs (VP1+VP2) at pH 7
similar to that of VLPs (VP1) are not shown.
At pH 8, the CD spectrum of VLPs (VP1+
P2) underwent a minima shift from 205 nm
to 202 nm, which differed from that of VLPs
(VP1) with a shift from 205 nm to 200 nm.
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centage of coil was increased from 32% to 36%. The CD
spectrum at pH 8 shifted in minima from 205 nm to 202
nm, and this result differed from VLPs (VP1) at pH 8 with
a shift in the minima from 205 nm to 200 nm.

The secondary structure stability of the two kinds of VLPs
was similar in buffers at pH 2 to pH 7. At pH 8, VLPs
(VP1+VP2) was more stable than VLPs (VP1) based on the
CD analysis results of secondary structure percentages.

Discussion

Studies focusing on NoV have been hampered by the low
amounts of this virus in stool samples obtained from in-
fected individuals, along with the absence of a cell culture
system and an animal model to propagate this virus (White
et al., 1997). However, VLPs are spontaneously formed when
NoV capsid protein VP1 is expressed in Sf9 cells infected
with a recombinant baculovirus (Jiang et al., 1992). Although
these VLPs are artificial products, they are morphologically

210 220 230 240 250

Wavelength (nm)

and antigenically similar to the native virion (Jiang et al.,
1992).

VP2 is characterized as a minor structural protein (Glass
et al., 2000), and the expression of VP2 in insect cells yields
two forms of protein: a 23 kDa unphosphorylated form and
a 35 kDa phosphorylated form (Glass et al., 2000). VP2 is
not essential for the formation of empty VLPs (Jiang et al.,
1992; Green et al., 1997; White et al., 1997; Hale et al., 1999;
Kobayashi et al., 2000). However, ORF3 is conserved in the
genomes of caliciviruses, suggesting that this protein per-
forms an important function in the life cycle of this virus
(Glass et al., 2000). Furthermore, the absence of VP2 de-
creases the stability of VLPs when these particles are pro-
duced in insect cells (Bertolotti-Ciarlet et al., 2003). VP2 is
possibly involved in viral assembly (Glass et al., 2000; Sosno-
vtsev et al., 2005). However, the mechanism by which pro-
tein VP2 increases the stability of VLPs remains unknown.

In this study, CD revealed the presence of VP2 that could
partially stabilize the secondary structure of VLPs at pH 8.
To determine the function of VP2 in the stability of VLPs,
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we constructed and purified two kinds of VLPs from Sf9
cells infected with a recombinant baculovirus: one with VP2
and the other without VP2. We performed SDS-PAGE and
western blot to determine the purity of VLPs and the pres-
ence of VP2 in VLPs. The result of SDS-PAGE of VLPs
(VP1+VP2) only showed a 58 kDa protein band similar to
VP1. The VP2 protein band was not observed. Western
blot analysis results revealed the presence of VP2 in VLPs
(VP1+VP2). These varied results may be due to the low copy
number of VP2 approximately ranging from 1.5 to 8 per
virion (Glass et al., 2000; Sosnovtsev et al., 2005; Luttermann
and Meyers, 2007). The low concentration of VP2 in puri-
fied VLPs (VP1+VP2) may be insufficient and could not be
detected by SDS-PAGE, even after the amount of sample
was increased and Coomassie brilliant blue staining was re-
placed with silver staining (data not shown).

Both kinds of VLPs underwent structural changes at the
secondary level induced by changes in pH. VLPs were incu-
bated at pH 2 to pH 8 which fall within the pH range of the
human gastrointestinal tract, where NoV should overcome
drastic pH changes to reach and ultimately invade enteric
cells. CD data revealed significant stability of the secondary
structures of the two kinds of VLPs at neutral and acidic
pH. By contrast, these secondary structures changed signi-
ficantly at pH 8. These results are in agreement with those
of Ausar et al. (2006) and White et al. (1997).

VLPs exhibited different behaviors at pH 2 to pH 7 and at
pH 8, suggesting that pH-dependent characteristics are in-
volved in the stability of virions in vivo (Ausar et al., 2006).
As a gastrointestinal virus, NoV is spread via the fecal-oral
route, indicating that the NoV particle should tolerate the
highly acidic gastric juice of the host before this particle
reaches its target organ (intestinal tract). Afterward, the virus
migrates into the intestinal tract. Under alkaline pH condi-
tions, virus particles become instable, and we presumed that
this change possibly facilitated viral entry into intestinal
epithelial cells and capsid disassembly to initiate virus repli-
cation. Such a stability-based switching mechanism that res-
ponds to subtle changes in the surrounding environment
has been proposed for the tobacco mosaic virus (Culver
2002).

At pH 8, the secondary structure of VLPs (VP1) evidently
changed. However, in VLPs (VP1+VP2), the change of the
percentage of a-helix, -sheet, S-turn, and coil was more
moderate compared with VLPs (VP1). Considering the ex-
tremely low copy number of VP2 in VLPs (VP1+VP2) and
the low protein concentration of VLPs (0.22 mg/ml) in CD
analysis, we found that the lack of any detectable density
could eliminate the possible effect of the secondary structure
of VP2 on the percentage of the secondary structure ele-
ments of VLPs (VP1+VP2). This result was also confirmed
by the same secondary structural data of VLPs (VP1+VP2)
compared with those of VLPs (VP1) at pH 7. Therefore,
VP2 could stabilize the secondary structure of VLPs (VP1+
VP2) under alkaline pH conditions. This characteristic of
VP2 indicates that this protein could enhance the stability
of NoV in the intestinal tract of the host before the virus
attaches to the intestinal epithelial cells and then starting its
uncoading and replication process. Histo-blood group an-
tigens (HBGAs) on cells of the human intestinal tract have

been proposed to function as receptors of NoV (Marionneau
et al., 2002; Lindesmith et al., 2003). Future research should
be conducted to determine whether or not alkaline con-
ditions in the intestinal tract can facilitate NoV recognition
and attachment receptors and to clarify more mechanism
of NoV entry.

Studies have suggested that VP2 is located in the interior of
the capsid shell. The first isoleucine (Ile-52) in the IDPWI
motif of the N-terminal arm of VP1, which is exceptionally
conserved among NoV, is essential for VP1-VP2 interaction.
The highly basic nature of VP2 and its location inside the
viral particle are consistent with its potential function in
assisting capsid assembly and genome encapsidation (Vong-
punsawad et al., 2013). Our CD spectrum studies provided
novel insights into the function of VP2 in the stability of
VLPs. Future studies using structural techniques to deter-
mine three-dimensional structures will help elucidate the
function of VP2. An improved understanding of the as-
sembly/disassembly mechanisms possibly contribute to the
development of strategies that aim to disrupt viral capsid
formation.
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