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ABSTRACT. Recently, we detected novel vervet monkey polyomavirus 1 (VmPyV) in a vervet monkey. Among amino acid sequences of major 
capsid protein VP1s of other polyomaviruses, VmPyV VP1 is the longest with additional amino acid residues in the C-terminal region. To 
examine the role of VmPyV VP1 in virion formation, we generated virus-like particles (VLPs) of VmPyV VP1, because VLP is a useful 
tool for the investigation of the morphological characters of polyomavirus virions. After the full-length VmPyV VP1 was subcloned into 
a mammalian expression plasmid, the plasmid was transfected into human embryonic kidney 293T (HEK293T) cells. Thereafter, VmPyV 
VLPs were purified from the cell lysates of the transfected cells via sucrose gradient sedimentation. Electron microscopic analyses revealed 
that VmPyV VP1 forms VLPs with a diameter of approximately 50 nm that are exclusively localized in cell nuclei. Furthermore, we 
generated VLPs consisting of the deletion mutant VmPyV VP1 (ΔC VP1) lacking the C-terminal 116 amino acid residues and compared its 
VLP formation efficiency and morphology to those of VLPs from wild-type VmPyV VP1 (WT VP1). WT and ΔC VP1 VLPs were similar 
in size, but the number of ΔC VP1 VLPs was much lower than that of WT VP1 VLPs in VP1-expressing HEK293T cells. These results 
suggest that the length of VP1 is unrelated to virion morphology; however, the C-terminal region of VmPyV VP1 affects the efficiency of 
its VLP formation.
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Polyomaviruses (PyVs), members of the family Polyoma-
viridae, carry a circular double-stranded DNA genome of 
approximately 5,000 base pairs (bp) in size. PyV genomes 
consist of three functional regions: an early coding region, 
a late coding region and a transcriptional control region. 
The early coding region encodes the regulatory proteins, 
including small t antigen (tAg) and large T antigen (TAg), 
which are necessary for viral genome replication and viral 
gene transcription. The late coding region encodes the struc-
tural proteins, such as VP1, VP2 and VP3. In addition, some 
PyVs also encode agnoprotein in the late coding region. The 
transcriptional control region contains replication origin and 
promoter and enhancer sequences and regulates the replica-
tion of the viral genome and bidirectional viral transcription 
for both early and late genes [15, 24].

The virions of PyVs are non-enveloped and icosahedral 
with a diameter of approximately 45–50 nm and an outer 
surface consisting mainly of the capsid protein VP1. The 
PyV capsid is formed by 72 VP1 pentamers, and each of 
them is arranged in a T=7 icosahedral lattice [13]. Other 
capsid proteins, VP2 and VP3, extend from the core into the 

axial cavity of the pentamers.
In the past few years, novel human and non-human primate 

PyVs have been identified [1, 11, 20, 23]. We also identified 
a novel PyV, vervet monkey PyV 1 (VmPyV), in a vervet 
monkey (VM) [27] by using a nested broad-spectrum PCR 
method [7]. The obtained entire VmPyV genome is 5,157 bp 
in size and has tAg, TAg, VP1 and VP2 open reading frames 
(ORFs). VmPyV encodes the unique extended C-terminal 
VP1 protein of 503 amino acids (a.a.), whereas typical PyVs, 
such as simian virus 40 (SV40) and JC PyV (JCV), encode 
VP1s with lengths of 364 and 354 a.a., respectively [19, 21]. 
VP1s with the long C-terminal regions are also observed in 
some other PyVs, such as piliocolobus rufomitratus PyV 
(502 a.a.), chimpanzee PyV (ChPyV, 497 a.a.), california sea 
lion PyV (495 a.a.), bat PyV (472 a.a.) and merkel cell PyV 
(423 a.a.) [4–6, 20, 26]. Although it has been reported that 
the C-terminal tail of VP1 extends out of the pentamer and 
contacts the neighboring pentamers [9, 13, 22], the function 
of the long C-terminal region of VP1 is still unclear.

It is known that recombinant PyV VP1s expressed in 
Escherichia coli (E. coli), yeast cells, insect cells or mam-
malian cells are able to self-assemble into virus-like particles 
(VLPs) without viral genomic DNA and VP2/VP3 [2, 3, 10, 
17, 25, 28]. In this study, we generated VmPyV VLPs and 
examined their morphology by using electron microscopy to 
determine the role of the C-terminal region of VmPyV VP1 
in virion formation.
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MATERIALS AND METHODS

Cells: HEK293T, human embryonic kidney 293 cell line 
expressing SV40 TAg, cells were maintained under an atmo-
sphere of 5% CO2 at 37°C in Dulbecco’s minimum essential 
medium supplemented with 10% FBS (fetal bovine serum), 
2 mM L-glutamine, penicillin (100 U ml−1) and streptomycin 
(0.1 mg ml−1). All experiments using HEK293T cells were 
performed in collagen-coated dishes (Iwaki, Chiba, Japan).

Plasmids and transfection: For expression of VmPyV 
VP1, the full-length VmPyV VP1 gene was amplified from 
the VmPyV genomic DNA (GenBank accession number: 
AB767298) with XhoI and NotI restriction sites added to the 
5′ and 3′ ends, respectively. The PCR product was cloned 
into the XhoI-NotI restriction sites of a pCMV-FLAG vector, 
so that a FLAG tag was added to the N-terminal of expressed 
VP1. The C-terminal deletion mutant of VmPyV VP1 was 
also cloned into the vector. These plasmids were transfected 
into HEK293T cells individually using the Lipofectamine 
2000 according to the manufacturer’s instructions (Invitro-
gen, Carlsbad, CA, U.S.A.).

Immunocytochemical and immunoblot analyses: HEK293T 
cells transfected with the plasmids were collected at 48 hr 
post transfection. The cells were washed with PBS, fixed in 
100% methanol for 5 min at −30°C and blocked with 1% 
BSA (bovine serum albumin) in PBS containing 0.5% Triton 
X-100, followed by incubation with an anti-SV40 VP1 an-
tibody overnight at 4°C [8]. The cells were visualized with 
secondary antibodies (Alexa Fluor 488-conjugated goat anti-
rabbit IgG; Invitrogen) and 4′, 6-diamidino-2-phenylindole 
dihydrochloride (DAPI; Invitrogen) for 1 hr at room tem-
perature. All the fluorescent images were captured and ana-
lyzed using a microscope (IX70; Olympus, Tokyo, Japan), a 
charge-coupled device camera (DP30BW; Olympus) and DP 
Controller software (Olympus).

For immunoblot analysis, the cells were harvested in 
RIPA buffer [10 mM Tris-HCl (pH 7.5), 5 mM EDTA, 150 
mM NaCl, 10% glycerol, 1% Triton X-100, 1% deoxycholic 
acid, 0.1% SDS and 50 mM NaF], supplemented with Com-
plete Protease Inhibitor Cocktail (Roche Diagnostics, India-
napolis, IN, U.S.A.) [18]. Cell lysates were centrifuged at 
20,400 × g for 15 min at 4°C, and the resulting supernatants 
were subjected to sodium dodecyl sulphate-polyacrylamide 
gel electrophoresis (SDS-PAGE) and immunoblotting 
with the following primary antibodies overnight at 4°C; 
an anti-SV40 VP1 antibody [8] and an anti-actin antibody 
(MAB1501; Millipore, Bedford, MA, U.S.A.). Actin was 
used as a loading control. After washing the membrane with 
TBST (Tris-buffered saline containing 0.05% Tween 20), 
the membrane was incubated with the following second-
ary antibodies for 1 hr at room temperature; a horseradish 
peroxidase (HRP)-conjugated anti-rabbit IgG (Biosource 
International, Camarillo, CA, U.S.A.) and HRP-conjugated 
anti-mouse IgG (Biosource International). The immune 
complexes were detected with Immobilon Western HRP 
Substrate (Millipore). The chemiluminescence signals were 
visualized using a VersaDoc 5000MP (Bio-Rad, Hercules, 
CA, U.S.A.), and images were analyzed using Quantity One 

software (Bio-Rad).
Electron microscopy: Ultra-thin-section electron micros-

copy was performed as described previously [16]. In brief, 
48 hr post transfection cells were fixed with 2.5% glutaral-
dehyde in 0.1 M cacodylate buffer (pH 7.3) for 20 min at 
4°C. The cells were scraped from the dish and fixed with 
2% osmium tetroxide in the same buffer for 1 hr at 4°C. 
Pellets were dehydrated with a series of ethanol gradients 
(50%, 70%, 90% and 99.5%) followed by propylene oxide, 
embedded in Epon 812 Resin mixture (TAAB Laboratories 
Equipment, Berkshire, U.K.) and polymerized for 3 days at 
60°C. Thin-sections (70 nm) were stained with uranyl ac-
etate and lead citrate.

For negative staining, purified fractions fixed with 0.25% 
glutaraldehyde were adsorbed to collodion-carbon-coated 
copper grids (Nisshin EM Corporation, Tokyo, Japan) and 
negatively stained with 2% phosphotungstic acid solution 
(pH 5.8). All samples were examined with an H-7650 elec-
tron microscope at 80 kV (Hitachi, Kyoto, Japan) [14].

Sucrose gradient sedimentation analysis: Sucrose gradi-
ent sedimentation analysis was performed as described 
previously [24]. Briefly, 72 hr post transfection cells were 
harvested in 10 mM Tris-HCl (pH 7.5), 2 mM MgCl2 and 
0.25% Brij 58 (Sigma, St. Louis, MO, U.S.A.). The cellular 
lysates were subjected to three cycles of freezing and thaw-
ing, cellular debris was removed via centrifugation at 500 × 
g for 10 min at 4°C, and the resulting supernatants overlaid 
onto a preformed 30–50% sucrose gradient in 20 mM Tris-
HCl (pH 8.0). Samples were centrifuged at 192,000 × g for 
1 hr at 4°C (SW55 Ti rotor, Beckman Coulter, Brea, CA, 
U.S.A.), and each 400 µl fraction was taken from the top for 
12 fractions. Each fraction was subjected to SDS-PAGE and 
immunoblotting with the anti-SV40 VP1 antibody overnight 
at 4°C [8]. After washing the membrane with TBST, the 
membrane was incubated with HRP-conjugated anti-rabbit 
IgG for 1 hr at room temperature (Biosource International). 
The immune complexes were detected, and the chemilumi-
nescence signals were visualized.

JCV VLPs were prepared as previously described [10]. 
In brief, BL21 (DE3) pLysS competent cells (Stratagene, 
La Jolla, CA, U.S.A.) were transformed with the pET15b 
plasmid (Novagen, Madison, WI, U.S.A.) encoding the full-
length JCV VP1 gene, and VLPs were purified.

RESULTS

Expression of VmPyV VP1 in HEK293T cells: The full-
length of VmPyV VP1 gene was amplified and cloned into 
the pCMV-FLAG vector. In addition, we synthesized a C-
terminal deletion mutant of VmPyV VP1 (ΔC VP1). The 
deleted region was determined based on the amino acid 
sequences alignment with the reported PyV VP1s (Fig. 1). 
We synthesized the ΔC VP1 of 1–387 amino acid residues of 
wild-type VmPyV VP1 (WT VP1). The C-terminal deletion 
mutant VP1 gene with a stop codon (TAA) was also ampli-
fied and cloned into the pCMV-FLAG vector. These plas-
mids were transfected into HEK293T cells individually and 
incubated for 48 hr. To detect the VP1 protein expression, 
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we performed immunocytochemical analysis using an anti-
SV40 VP1 antibody. Intracellular distributions of WT and 
ΔC VP1s were similar. Both WT and ΔC VP1s were mainly 
detected in the nuclei and sometimes in the cytoplasm in 
transfected cells with encoding WT or ΔC VP1 plasmids 
(Fig. 2A). We also performed immunoblotting analysis 
to confirm the expression levels of WT and ΔC VP1s. We 
detected both WT and ΔC VP1s in the cells using the anti-
SV40 VP1 antibody at the expected molecular weights of 
56 and 44 kDa, respectively (Fig. 2B). Because ΔC VP1 is 
devoid of 388–503 amino acid residues (116 a.a. deletion), 
its molecular weight is smaller than that of WT VP1. The 
expression levels of WT and ΔC VP1s were almost similar 
relative to the expression levels of internal control protein 

actin (Fig. 2B). These results suggested that the intracellular 
localization and expression levels of WT and ΔC VP1s were 
similar in the transfected cells.

Expression of VLPs using electron microscopy: Because 
the VmPyV VP1 was detected in transfected HEK293T 
cells, we confirmed the formation of VLPs using transmis-
sion electron microscopy (TEM). At 48 hr post transfection 
of WT and ΔC VP1 encoding plasmids, scraped cells were 
embedded in Epon resin and polymerized. Ultra-thin-
sections with a thickness of 70 nm were stained with uranyl 
acetate and lead citrate. TEM revealed a large number of 
VLPs with a diameter of approximately 50 nm in the nuclei 
of WT VP1-expressing cells (WT VLPs; Fig. 3A–3C). We 
were also able to confirm VLPs with a diameter of approxi-

Fig. 1.	 Alignment of PyV VP1s in C-terminal portions. Alignment of PyV VP1s in C-terminal portions with that of VmPyV. The VP1 
sequences of PyVs were obtained from GenBank (abbreviations and accession numbers are indicated in Table 1). Amino acid identities 
are shaded as follows: black shading indicates that all amino acid sequences were conserved, whereas grey shading indicates that more 
than 51% of them were conserved.
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mately 45–50 nm in the nuclei of ΔC VP1-expressing cells 
(ΔC VLPs; Fig. 3D–3F); however, the number of ΔC VP1 
VLPs was much lower than that of WT VP1 VLPs.

Sucrose gradient sedimentation analysis: To confirm that 
VLPs were formed by VmPyV VP1 in transfected cells, we 
also performed the sucrose gradient sedimentation analysis, 
which can distinguish VLPs from VP1 pentamers [9]. As a 
positive control in the analysis, we used purified JCV VLPs 
[10]. After ultracentrifugation, 12 fractions of 400 µl each 
were dispensed. Each fraction was analyzed by immunoblot-
ting with the anti-SV40 VP1 antibody. The VP1 signal in JCV 
VLPs was mainly detected in fractions 6 to 9 (Fig. 4A). The 
VP1 signal in cellular lysates from the WT VP1-expressing 
cells was also mainly detected in fractions 6 to 9 (Fig. 4B). 
However, the VP1 signal in cellular lysates from ΔC VP1-
expressing cells was mainly detected in fractions 1 to 4 and 
slightly detected in fractions 5 to 8 (Fig. 4C). To confirm 
the formation of WT VLPs in fractions 6 to 9, we collected 

these fractions and verified them with negative-stained TEM. 
We observed a large number of WT VLPs with a diameter 
of approximately 50 nm (Fig. 4D). We also confirmed the 
presence of JCV VLPs in fractions 6 to 9 (data not shown).

DISCUSSION

VmPyV was originally detected in a VM spleen using 
nested broad-spectrum PCR techniques. It has a longer VP1 
ORF in the C-terminus region compared with the sequences 
of other known PyVs VP1s, whereas its functions are still 
unclear [27]. In general, the PyV capsid contains 360 mol-
ecules of VP1 formed with 72 pentamers, 5 molecules of 
VP1 and 1 molecule of VP2/VP3 [13, 22]. In the current 
study, to examine the role of C-terminal of VmPyV VP1 in 
virion formation, VmPyV VLPs consisting of WT VP1 or 
ΔC VP1 were generated in mammalian HEK293T cells.

Immunocytochemical analysis revealed that WT and 

Fig. 2.	 Expression of VmPyV VP1 protein in HEK293T cells. 
Immunocytochemical and immunoblot analyses (IC and IB) of 
VmPyV VP1 with the anti-SV40 VP1 antibody. The HEK293T 
cells were transfected with WT VP1, ΔC VP1 or the correspond-
ing empty vector (Mock) as a negative control. (A) VmPyV 
VP1 was detected colored in green. Cell nuclei were stained 
with DAPI (blue color). Scale bar, 10 nm. (B) WT and ΔC VP1 
signals were detected in cellular lysates from HEK293T cells 
at the expected molecular weight positions in immunoblotting. 
Actin was used as a loading control.
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ΔC VP1s were expressed in the transfected HEK293T 
cells (Fig. 2A). Both WT and ΔC VP1s were also detected 
at the expected molecular weights by immunoblot analy-
sis (Fig. 2B). Furthermore, there was no difference in the 
expression level between WT and ΔC VP1s (Fig. 2B). Al-
though VLPs were observed in WT and ΔC VP1-expressing 
cells by using electron microscopy (Fig. 3), the number of 
WT VLPs was higher than that of ΔC VLPs. In addition, the 
number of cells with WT VLPs was higher than that of cells 
with ΔC VLPs (data not shown). The WT and ΔC VLPs were 
morphologically indistinguishable. WT and ΔC VLPs were 
observed in the nuclei; however, no VLPs were confirmed 
in the cytoplasm (data not shown). We also performed a 
sucrose gradient sedimentation analysis [9]. Immunoblot 
analysis revealed that the signal of JCV VLPs was mainly 
detected in fractions 6 to 9 (Fig. 4A). The VP1 signal in cel-
lular lysates from WT VP1-expressing cells was also mainly 
detected in fractions 6 to 9 (Fig. 4B). We confirmed the pres-
ence of JCV VLPs and WT VLPs in fractions 6 to 9 with 
negative-stained TEM (Fig. 4D). However, the VP1 signal 
in cellular lysates from ΔC VP1-expressing cells was mainly 
detected in fractions 1 to 4 (Fig. 4C). Because the protein 
density in fractions 1 to 4 is lower than that in fractions 6 to 
9, it is supposed that the VP1 signal in fractions 1 to 4 may 
have represented the pentamers instead of VLPs. In addition, 

the faint VP1 signal in fractions 5 to 8 of cellular lysates 
from ΔC VP1-expressing cells may have represented VLPs. 
This result is convincing in light of the TEM results show-
ing fewer VLPs in ΔC VP1-expressing cells (Fig. 3D–3F). 
Taken together, the results showed that ΔC VP1 formed 
VLPs; however, the efficiency of VLP formation was lower 
than that of WT VP1.

It has been reported that the C-terminal arm of PyVs 
VP1 can be subdivided into three segments; ‘C helix’, ‘C 
insert’ and ‘C loop’ [13, 22]. The C helix of SV40 (SFLLS-
DLINRRTQ; 305–317 a.a.) mediates contacts between pen-
tamers as described previously [13, 22]. As demonstrated in 
Fig. 1, the C helix of SV40 is predicted to correspond to the 
295–307 amino acid residues (SFLLTDLINRRTP) of JCV 
and the 325–337 amino acid residues (TSLLGSLFTGLMP) 
of VmPyV. In comparison with tripartite, the homology 
was 85% for SV40-JCV, 23% for SV40-VmPyV and 31% 
for JCV-VmPyV in the C helix of VP1s. It revealed that the 
C-helix of JCV may mediate contacts between pentamers, 
because of the high homology with that of SV40. However, 
the C helix of VmPyV has low homology with that of SV40 
and JCV. As shown in Fig. 3, we observed that the number 
of WT VP1 VLPs was much higher than that of ΔC VP1 
VLPs. Thus, the deleted C-terminal 116 amino acid residues 
(388–503 a.a.) of VmPyV VP1 affect the efficiency of its 

Fig. 3.	 Electron micrographs of WT VP1 and ΔC VP1-expressing cells. Electron micrographs of HEK293T cells expressing WT VP1 
(A–C) and ΔC VP1 (D–F). (B, C, E and F) Higher magnification of the regions indicated in panels A, B, D and E, respectively. All WT 
and ΔC VLPs were observed exclusively in the nuclei. The arrows indicate VLPs. N: nucleus.
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VLP formation.
ChPyV also encodes a unique extended C-terminal VP1 

protein of 497 a.a., and ChPyV VLPs were expressed with 
a diameter of approximately 45 nm [28]. The diameter of 
VmPyV WT VLPs is approximately 50 nm (Fig. 4D). These 
results suggest that the length of VP1 amino acid residues 
has no effect on the size (i.e., diameter) of VLPs. It has been 
reported that SV40 VLPs made exclusively of VP1 and na-
tive SV40 virions were morphologically indistinguishable 
under electron microscopy [12]. We observed that VmPyV 
VLPs have a typical shape of PyV virions, and their diam-
eters were approximately 50 nm in size, suggesting that na-

tive VmPyV virions also have morphology similar to that of 
its VLPs.

In conclusion, we demonstrated that VmPyV VLPs were 
formed in mammalian cells expressing VP1 and found the 
extra C-terminal region of VP1 does not affect the size and 
morphology of VLPs, whereas the C-terminal of VmPyV 
VP1 may have some function for efficient VLP formation. 
The study to investigate function (s) of the extra C-terminal 
region of VmPyV VP1 needs to be continued.
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