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Electron and confocal microscopy were used to observe the entry and the movement of polyomavirus virions
and artificial virus-like particles (VP1 pseudocapsids) in mouse fibroblasts and epithelial cells. No visible
differences in adsorption and internalization of virions and VP1 pseudocapsids (“empty” or containing DNA)
were observed. Viral particles entered cells internalized in smooth monopinocytic vesicles, often in the prox-
imity of larger, caveola-like invaginations. Both “empty” vesicles derived from caveolae and vesicles containing
viral particles were stained with the anti-caveolin-1 antibody, and the two types of vesicles often fused in the
cytoplasm. Colocalization of VP1 with caveolin-1 was observed during viral particle movement from the plasma
membrane throughout the cytoplasm to the perinuclear area. Empty vesicles and vesicles with viral particles
moved predominantly along microfilaments. Particle movement was accompanied by transient disorganization
of actin stress fibers. Microfilaments decorated by the VP1 immunofluorescent signal could be seen as
concentric curves, apparently along membrane structures that probably represent endoplasmic reticulum.
Colocalization of VP1 with tubulin was mostly observed in areas close to the cell nuclei and on mitotic tubulin
structures. By 3 h postinfection, a strong signal of the VP1 (but no viral particles) had accumulated in the
proximity of nuclei, around the outer nuclear membrane. However, the vast majority of VP1 pseudocapsids did
not enter the nuclei.

Structural proteins of nonenveloped viruses are selected by
evolution for the efficient delivery of genetic information via
plasma membranes into cells for its expression. Hence, study-
ing the properties of viral coat structures and detailed under-
standing of early steps of viral infection (entry, movements
toward the cell nuclei, and uncoating) could help to solve an
important aspect of gene therapy: the development of efficient
systems for the transfer of exogenous genetic information into
target cells.

Polyomaviruses, a member of the Papovaviridae family, have
a wide range of hosts and different pathogenic responses in
infected organisms. Despite this variation, the structures of the
virions and genomic organizations of these viruses are very
similar. Genomic circular double-stranded DNA (5.3 kbp) of
the mouse polyomavirus encodes three early antigens (large,
middle, and small T antigen) and three late structural proteins,
VP1, VP2, and VP3. The late proteins, together with viral
DNA and cellular histones (except H1), are assembled into
virions in the cell nuclei. Neither VP2 nor VP3 is required for
assembly of the capsid-like structure, and their functions in the
viral replicative cycle are still unclear. The multifunctional VP1
can self-assemble into capsid-like particles (VP1 pseudocap-
sids) and is responsible for interaction with the sialic acid of an
as-yet-unknown receptor (15, 37). Moreover, it has a nonspe-
cific DNA binding activity (23), suggesting a role in nucleocore
assembly. The problem is that little is known about the mech-

anisms of virion entry, trafficking, nuclear targeting, and un-
coating. While the mouse polyomavirus, the simian lympho-
tropic papovavirus, and both human polyomaviruses, BK virus
and JC virus, utilize sialic acid moieties of protein receptors for
virion attachment to the cell surface (15, 17, 37), another
member of the Polyomavirinae subfamily, simian virus 40
(SV40), utilizes major histocompatibility complex (MHC) class
I molecules and has no hemagglutination ability (4). It has
been reported recently that JC virus enters glial cells by clath-
rin-dependent receptor-mediated endocytosis (30), while SV40
enters cells by means of caveolae (3, 24). Vesicles containing
SV40 virions are targeted into structures of the endoplasmic
reticulum (ER). The uncoating process of polyomaviruses is
not understood, but it is believed to be carried out after virions
have entered the cell nuclei (6, 14, 20, 42–44). Earlier studies
have revealed that mouse polyomavirus virions and natural
empty capsids have different fates in infected cells. While viri-
ons enter cells in smooth monopinocytic vesicles and migrate
to the nucleus, clusters of empty capsids internalized in large
vesicles are targeted for degradation (13, 20).

It has previously been demonstrated that polyomavirus cap-
sid-like particles could be produced in insect cells from a re-
combinant baculovirus carrying the gene for the polyomavirus
major capsid protein, VP1 (9, 22). Such particles were easily
purified to homogeneity and used for in vitro encapsidation
of heterologous DNA. DNA partially encapsidated by VP1
pseudocapsids could be delivered into mammalian (including
human) cells (10, 36, 38). However, the efficiency of gene
delivery by VP1 pseudocapsids, measured by successful gene
expression, was very low compared with that of infectious poly-
omavirus virions.
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To better understand the early steps of mouse polyomavirus
infection and the reasons for different gene transfer efficiencies
of VP1 pseudocapsids and virions, we observed the internal-
ization, movements, and interactions of virions and artificial
VP1 pseudocapsids in NIH 3T6 mouse fibroblasts and normal
murine mammary gland (NMuMG) epithelial cells by electron
and confocal microscopy. In these experiments, high multiplic-
ities of infections were used, reflecting conditions of natural
cell reinfection as well as gene delivery via capsid-like particles.

MATERIALS AND METHODS

Cell cultivations and virus infections. Spodoptera frugiperda cells (Sf9) were
grown as monolayer cultures at 27°C in TNF-FH medium containing 10% fetal
calf serum as described by Hink (16). A recombinant baculovirus containing the
polyomavirus VP1 gene was used for infection of Sf9 cells (10 PFU per cell) (9,
39). Infected cells were harvested 72 h postinfection (p.i.). Swiss albino mouse
cells (NIH 3T6), NMuMG cells, and monkey kidney epithelial cells (CV-1) were
grown at 37°C in a 5% CO2–air humidified incubator, using Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 2 mM glutamine and 10% fetal
calf serum. For virion preparation, infection of NIH 3T6 cells with polyomavirus
(A2 strain) was performed at a multiplicity of infection of 0.1 PFU per cell.
Infected cells were harvested 7 days p.i.

Preparations of polyomavirus and VP1 pseudocapsids. VP1 capsid-like par-
ticles were isolated from infected Sf9 cells by CsCl and sucrose gradient centrif-
ugations as described previously (9). Briefly, insect cells, infected with recombi-
nant baculovirus and harvested 72 h p.i., were suspended in B buffer (150 mM
NaCl, 10 mM Tris-HCl [pH 7.4], 0.01 mM CaCl2) and disrupted by sonication.
Cell debris was removed by centrifugation (10 min, 10 000 � g), and viral
particles were purified from the supernatant by CsCl gradient centrifugation. A
peak of “empty” VP1 pseudocapsids (buoyant density [�] � 1.294 � 1.283 g/cm3)
and a peak of “full” VP1 pseudocapsids (� � 1.348 � 1.315 g/cm3) were further
purified separately through a sucrose gradient (10 to 40%) and repeated CsCl
gradients. Homogeneous fractions of particles were concentrated by pelleting
through a 10% sucrose cushion and resuspending in B buffer. Polyomavirus
virions were isolated from NIH 3T6 cell lysates by the procedure of Türler and
Beard (40).

Confocal microscopy of double-stained mouse cells. NIH 3T6 or NMuMG
cells grown on coverslips were infected by polyomavirus virions or VP1 pseudo-
capsids (103 to 104 particles per cell) in 200 �l of DMEM for 1 h at 37°C, after
which 1 ml of complete medium was added. Cells were fixed, at indicated times
p.i., with 3% paraformaldehyde and 0.01% glutaraldehyde (for 30 min) and
permeabilized with 0.5% Triton X-100 in phosphate-buffered saline (for 5 min).
Reactions with antibodies were performed as described previously (9). VP1 was
visualized by using a rabbit anti-polyomavirus virion serum (kindly provided by
Michael Pawlita) followed by the Alexa Fluor 488-goat anti-rabbit immunoglob-
ulin G (IgG) antibody (green; Molecular Probes) or by using a mouse anti-VP1
pseudocapsid polyclonal antibody (prepared in our laboratory) followed by the
Alexa Fluor 594-goat anti-mouse IgG antibody (red; Molecular Probes). Actin
was stained by phalloidin conjugated with rhodamine (red; Sigma). Tubulin was
visualized by mouse anti-�- and anti-�-tubulin monoclonal antibodies (EXBIO,
Prague, Czech Republic) and then by a Cy3-sheep anti-mouse IgG antibody (red;
Sigma). Caveolin-1 was visualized by a rabbit anti-caveolin-1 polyclonal antibody
(Santa Cruz Biotechnology, Inc.) followed by the Alexa Fluor 488-goat anti-
rabbit IgG antibody. Nuclei were visualized by interaction of DNA with pro-
pidium iodide (red; Propidium Iodide Antifade Kit, catalog no. S 1370-6; Oncor).
Cells on coverslips were mounted with the ProLong Antifade Kit (Molecular
Probes). The immunofluorescence signal was detected by 0.5-�m sectioning with
a TNS SP Leica confocal laser scanning microscope, followed by digital image
processing with TCS NT Leica software.

Electron microscopy. NIH 3T6 or NMuMG cells grown on coverslips were
infected with polyomavirus virions or VP1 pseudocapsids (104 to 105 particles per
cell). At appropriate times p.i., cells were processed for transmission electron
microscopy. Briefly, infected cells were washed in phosphate-buffered saline,
fixed with 3% glutaraldehyde in 0.1 M cacodylate buffer, postfixed with 1%
osmium tetroxide, dehydrated through an increasing ethanol series (including a
30-min incubation in 1.5% uranyl acetate in 70% ethanol), and flat-embedded in
Agar 100 resin (Gröpl, Tulln, Austria). Sections (70 nm) were contrasted with a
saturated uranyl acetate solution in water (10 min at room temperature[RT]),
and Reynold’s lead citrate (7 min at RT). Samples were observed with a JEOL
JEM 1200EX electron microscope operating at 60 kV.

Immunoelectron microscopy. Cells were grown on coverslips and, after incu-
bation with virus or VP1 pseudocapsids, were flat-embedded by the method of
Lee et al. (19). In brief, cells were rinsed with Sörensen buffer (SB), fixed with
1% paraformaldehyde and 0.1% glutaraldehyde in SB, and permeabilized with
0.1% Triton X-100 in SB. After several washes in SB, cells were incubated
(overnight, 4°C) with a rabbit anti-caveolin-1 polyclonal antibody alone or to-
gether with a mouse anti-VP1 pseudocapsid polyclonal antibody, both diluted in
1% Tween 20 in SB. This was followed by incubation (overnight, 4°C) with a goat
anti-rabbit IgG antibody conjugated with 10- or 15-nm-diameter gold particles
(British Biocell Int.), alone or mixed with a goat anti-mouse IgG antibody
conjugated with 5-nm gold particles (British Biocell Int.), both diluted in 0.5%
bovine serum albumin in SB. Cells were refixed with 2.5% glutaraldehyde and
2.0% paraformaldehyde in SB and postfixed with 0.5% osmium tetroxide in SB.
Samples were dehydrated through an ascendant ethanol series, flat-embedded in
Agar 100 resin, contrasted, and observed as described above.

Inhibition of infection. Mouse NIH 3T6 fibroblasts, NMuMG epithelial cells,
and monkey CV-1 cells grown on coverslips were incubated in DMEM with
addition of 0.1, 5, and 7.5 mM methyl-�-cyclodextrin, respectively, at 37°C for
1 h. Then the NIH 3T6 and NMuMG cells were incubated for 90 min with
polyomavirus, and the CV-1 cells were incubated for 90 min with SV40 (both at
10 PFU per cell), still in the presence of the drug. Cells were washed three times
with DMEM and incubated in a complete medium for 42 h (polyomavirus
infected) or 48 h (SV40 infected) at 37°C. To control cells, transferrin (10 �g/ml)
was added instead of the virus and cells were incubated for 30 min at 0°C,
followed by a 30-min incubation at 37°C and repeated washing with cold DMEM.
Cells were fixed as described above and visualized by indirect immunofluores-
cence using antibodies against the polyomavirus or SV40 VP1 antigen (kindly
provided by Harumi Kasamatsu) or transferrin (EXBIO).

RESULTS

Preparation of viral particles. In addition to purified natural
polyomavirus virions, we examined two types of VP1 pseudo-
capsids purified from insect cells infected with a recombinant
baculovirus carrying the polyomavirus VP1 gene: (i) “empty”
VP1 pseudocapsids, which had previously been shown to in-
teract in vitro with naked DNA fragments, partially encapsi-
date them (up to 3 kbp), and deliver them for their expression
into mammalian cells (36, 38) and (ii) “full” VP1 pseudocap-
sids, which had already encapsidated baculoviral and host
DNA fragments of polyomavirus genome size (5 kbp), together
with cell histones, inside the insect cells and did not bind DNA
in vitro (12, 25, 28).

The purity of all types of particles was verified by Coomassie
blue staining of sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) gels and by Western blotting.
Their comparison did not reveal any protein of non-VP1 origin
on SDS-PAGE gels in preparations of empty VP1 pseudocap-
sids. A characteristic pattern of small cellular proteins was
observed in full VP1 pseudocapsid preparations as well as in
virion preparations in which additional VP2 and VP3 bands
were present (data not shown). Electron microscopy also con-
firmed the homogeneity of particle preparations (Fig. 1). Con-
centrations of particles were estimated by protein content mea-
surement and by hemagglutination.

Surprisingly, we have not seen any differences in adsorption,
internalization, or movement between empty and full VP1
pseudocapsids, either by electron microscopy or by confocal
microscopy. Thus, we continue to use the term “VP1 pseudo-
capsids” for both, we present figures only for empty VP1
pseudocapsids.

Adsorption and internalization of virions and VP1 pseudo-
capsids. We examined the movement of viral particles in two
cell lines, mouse NIH 3T6 fibroblasts and NMuMG epithelial
cells. During the first step of infection, all three types of par-
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ticles were found adsorbed nonrandomly on certain cell sur-
face areas (see Fig. 5Aa to Ac and Ba, 8a, and 9Aa and Ba).
Particles exhibited a strong affinity for areas with high actin
content, e.g., filopodia (Fig. 2). In contrast to earlier observa-
tions (14, 20), results of ultrastructural analysis revealed that
not only virions (Fig. 3Aa, Ab, Ag, Ah, Ba, and Bb) but also
VP1 pseudocapsids (Fig. 3Ad to Af and Ai) enter cells through
smooth, non-clathrin-coated monopinocytic vesicles. In addi-
tion, an intensive formation of invaginations without viral par-
ticles was observed in areas of particle adsorption. The flask
shape of invaginations was typical of caveolae. Similar areas
with many invaginations were also found, although less fre-
quently, in the control, mock-infected, cells (not shown). While
caveola-like invaginations were 70 to 100 nm in diameter, in-
vaginations containing particles were substantially smaller (ap-
proximately 60 nm in diameter), each one tightly enveloping
the particle.

Colocalization of vesicles containing virions or VP1 pseudo-
capsids with caveolin-1. To elucidate whether empty caveola-
like invaginations and/or vesicles containing particles colocal-
ize with caveolin-1, we performed immunoelectron microscopy
using the anti-caveolin-1 antibody (10- or 15-nm gold) (Fig. 4A
and B). In some experiments, double staining with anti caveo-
lin-1 and anti-VP1 (5-nm gold) was performed (Fig. 4C). Fig-
ure 4 clearly demonstrates that the caveola-like invaginations
and empty vesicles often observed in the area of viral particle

adsorption contain caveolin. Also, the invaginations and
monopinocytic vesicles containing virions or VP1 pseudocap-
sids were labeled with the anti-caveolin-1 antibody. Early fu-
sion of empty, caveolin-rich vesicles with monopinocytic vesi-
cles carrying particles resulted in the formation of larger
vesicles with two or more viral particles.

The colocalization of caveolin-1 with VP1 was also followed
by confocal microscopy after double staining, using anti-VP1
(red) and anti-caveolin-1 (green) antibodies (Fig. 5). In both
fibroblasts and epithelial cells, colocalization of caveolin-1 and
VP1 was observed. Soon after adsorption, we observed pref-
erential accumulation of caveolin in the membrane areas,
where viral particles entered cells (Fig. 5Aa to Ac, Am, and
Ba). In noninfected cells, strong accumulation of caveolin in
the proximity of cell membrane was significantly less frequent
(data not shown). In the cytoplasm, caveolin accompanied VP1
in its movement toward the cell nucleus (Fig. 5Ad to Ar, Bb,
and Bc). The movement seemed to be realized along cytoskel-
etal filaments (Fig. 5Ag to Ai, An, and Ao). These results
suggest that (i) polyomavirus and VP1 pseudocapsids do not
enter cells through clathrin-coated pits, but rather in vesicles
which are derived from caveolar domains or from membrane
domains in close proximity to caveolae and (ii) empty vesicles
derived from caveolae often fuse with particle-containing
monopinocytic vesicles and might be involved in particle move-
ment toward the cell nucleus.

Inhibition of polyomavirus infectivity by methyl-�-cyclodex-
trin. Lipid rafts, sphingolipid- and cholesterol-rich microdo-
mains of the plasma membrane, are assumed to play a role in
the transport of proteins in endocytic pathways (34). We ex-
amined whether cholesterol depletion by methyl-�-cyclodex-
trin affects polyomavirus infectivity. The SV40 virions which
were shown to utilize caveolae for internalization (3) were
tested for comparison. The ratio of infected to noninfected
cells was scored by indirect immunofluorescence (Table 1).
Each value was calculated from at least 800 cells (10 micro-
scope optical fields) for polyomavirus and from at least 200
cells for SV40. The infectivity of both polyomavirus and SV40
decreased with increasing concentrations of methyl-�-cyclo-

FIG. 1. Purified virions (a), empty VP1 pseudocapsids (b), and full
VP1 pseudocapsids (c), visualized by electron microscopy (negative
staining). Bar, 50 nm.

FIG. 2. Polyomavirus VP1 pseudocapsids (a and b) and virions (c) have high affinity to actin-rich parts of NIH 3T6 fibroblasts (e.g., filopodia).
Mouse NIH 3T6 fibroblasts were fixed 20 min p.i. (a) Electron microscopy of cell section. Bar, 100 nm. (b and c) Confocal microscopy of cells
stained with a rabbit anti-polyomavirus virion serum followed by the Alexa Fluor 488-goat anti-rabbit IgG antibody (green) and with phalloidin
conjugated to rhodamine (red). Bars, 5 �m.
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dextrin. Treatment of cells with 5 mM methyl-�-cyclodextrin
caused approximately 85% reduction of polyomavirus infec-
tion in both NIH 3T6 fibroblasts and NMuMG epithelial cells
and 66% reduction of SV40 infection in CV-1 cells. Uptake of
transferrin, which is internalized by clathrin-coated vesicles,

was not significantly affected when NIH 3T6 fibroblasts and
NMuMG epithelial cells were treated with 5 mM methyl-�-
cyclodextrin (estimated by confocal microscopy; data not
shown). These results indicate the importance of the presence
of cholesterol for the endocytosis of polyomavirus, and they

FIG. 3. Internalization of virions (Aa, Ab, Ag, Ah, Ba, and Bb) and VP1 pseudocapsids (Ad, Ae, Af, and Ai). Shown are electron micrographs
of NIH 3T6 cells (A) and NMuMG cells (B) 20 min p.i. (Ac) Invagination typical of a clathrin-coated pit (noninfected NIH 3T6 cell). Bars, 100
nm.
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support the idea that polyomavirus enters cells, similarly to
SV40, through cholesterol-rich lipid rafts.

Role of actin in vesicle movement. By ultrastructural analysis
of cells harvested 20 min p.i., many virions and VP1 pseudo-
capsids, enveloped in monopinocytic vesicles, were found un-
der plasma membranes. They were often aligned, in a similar

manner to the caveola-derived empty vesicles, along the mi-
crofilament bundles (Fig. 6). The observed fusions of both
types of vesicles were also most frequently found in these cell
areas (Fig. 6c and d). Occasionally, particle-carrying vesicles,
fusing with larger membrane structures, including ER, were
detected (Fig. 7). Even at later times p.i., we have only rarely

FIG. 4. Colocalization of invaginations and vesicles containing viral particles with caveolin-1. NIH 3T6 cells (A and Ca to Cf) and NMuMG
cells (B and Cg to Cl) visualized by immunoelectron microscopy are shown at 20 min p.i. with virions or VP1 pseudocapsids (VP1ps). Note empty
vesicles derived from caveolae (Ce, Cf, Ck, and Cl). (A and B) Staining with the rabbit anti-caveolin-1 polyclonal antibody followed by the 10- or
15-nm gold-goat anti-rabbit IgG antibody. (C) Double staining with the mouse anti-VP1 pseudocapsid polyclonal antibody followed by the 5-nm
gold-goat anti-mouse IgG antibody and the rabbit anti-caveolin-1 polyclonal antibody followed by the 10- or 15-nm gold-goat anti-rabbit IgG
antibody. Bar, 100 nm.
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observed particle-containing monopinocytic vesicles below the
wall of actin filaments. Vesicles carrying particles that did not
encounter the actin wall were found deeper in the cell interior.
However, only in exceptional cases did we find a monopinocytic
vesicle containing a distinct viral particle in close proximity to the
nuclear membrane, and we have never seen the incoming intact
virions or pseudocapsids entering the cell nucleus.

We also examined the colocalization of VP1 of pseudocap-

sids and virions with actin by confocal microscopy. In mock-
infected cells, long, straight-lined actin stress fibers spanned
most of the width of the cells (Fig. 8e). In the interval between
20 and 180 min p.i., most of the actin stress fibers disappeared,
and disarranged actin microfilaments (red) decorated by VP1
(green) were observed as concentric curves around the cell-
nucleus (Fig. 8b, c, f, and g). (A similar pattern of VP1 together
with caveolin was observed in some cells [Fig. 5Ad to Ai]).

FIG. 5. Colocalization of caveolin-1 with VP1. NIH 3T6 (A) and NMuMG (B) cells visualized by confocal microscopy are shown at 20 min p.i.
(Aa to Af and Ba) or 3 h p.i. (Ag to Ar, Bb, and Bc) with virions (A1 and B) and VP1 pseudocapsids (A2). (A1) Sections of cells. First row (a,
d, g, and j), caveolin-1; second row (b, e, h, and k),VP1; third row (c, f, i, and l), merge. (A2) Merged section series of two cells (m, n, o and p,
q, r). (B) Merged sections of three cells (a, b, c). Staining was performed with the mouse anti-VP1 pseudocapsid polyclonal antibody followed by
the Alexa Fluor 594-goat anti-mouse IgG antibody (red) and with the rabbit anti-caveolin-1 polyclonal antibody followed by the Alexa Fluor
488-goat anti-rabbit IgG antibody (green). Bars, 5 �m.
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Actin also appeared inside the cell nucleus. At later stages p.i.
(3 h and more), when most of the VP1 reached areas near the
cell nucleus, actin stress fibers were restored (Fig. 8d and h).
The character of the VP1 signal of virions differed from that of
pseudocapsids. While the virion signal was concentrated into

distinct bright points, the pseudocapsid signal was stronger and
was reminiscent of an amorphous, disassembled mass (Fig. 8c
and d versus g and h).

Colocalization of VP1 with tubulin. At early times postad-
sorption (20 min), the VP1 signal was only occasionally seen

TABLE 1. Influence of methyl-�-cyclodextrin on polyomavirus and SV40 infectivitya

Methyl-�-cyclodextrin
concn (mM)

% Infected cellsb

Polyomavirus
SV40, in CV-1 cells

NIH 3T6 cells NMuMG cells

Avg Relative to control Avg Relative to control Avg Relative to control

0 43.09 100.00 48.63 100.00 62.11 100.00
1 24.97 57.95 23.99 49.33 44.44 71.55
5 6.57 15.25 7.00 14.39 21.30 34.29
7.5 6.48 15.04 6.45 13.26 20.65 33.25

a Infected cells were visualized by staining with antibodies against the VP1 antigen of polyomavirus or SV40.
b Avg, average percent infected cells from 10 optical fields. Relative to control, infected cells as a percentage of the number of infected cells present in the

non-inhibitor-treated control sample.

FIG. 6. Movement of vesicles containing virions (a and b) or VP1 pseudocapsids (c and d) and empty vesicles derived from caveolae along actin
filaments in NIH 3T6 fibroblasts. Cell sections were visualized by electron and immunoelectron microscopy. Staining was done with the rabbit
anti-caveolin-1 polyclonal antibody followed by the 10-nm gold-goat anti-rabbit IgG antibody. Arrowheads point to vesicles containing viral
particles. Bars, 100 nm.
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along microtubules (Fig. 9Aa and Ba). Later, more-frequent
association of VP1 with microtubules was observed near the
cell nucleus (Fig. 9Ab, Ac, Ae, Af, Bb, and Bc). Substantial
colocalization of VP1 with tubulin was detected around nuclei
(Fig. 9Ab and Ag) and on mitotic centromeres and spindles
(Fig. 9Ad, Ah, and Bd). Because we have only occasionally
seen vesicles with viral particles close to the nuclear mem-
brane, we presume that observed colocalization might reflect
either an association of larger membrane structures (contain-
ing VP1) with microtubules or a direct interaction of disassem-
bled VP1 with microtubule structures.

The vast majority of VP1 from incoming virions and VP1
pseudocapsids does not enter the cell nucleus. As demon-
strated by the confocal microscope sectioning, most VP1 ac-
cumulated around the outer nuclear membrane, bound to cy-
toskeletal structures and/or at the ER (Fig. 9Ab, Ac, and Ag).
At 3 h p.i., no nuclear localization of the VP1 signal of either
virions or VP1 pseudocapsids was detected in sections passing

through the nucleus interior (Fig. 10a, b, d, and e). The dis-
tance between DNA stained with propidium iodide (red) and
VP1 signal (green) (Fig. 10b and e) suggests the presence of an
“interstructure,” very probably the nuclear membrane. A cell
section cut through the center of the nucleus (Fig. 10b) and
sections showing the surface of the cell nucleus (Fig. 10c and f)
demonstrate that VP1 is located around the cell nucleus in
distinct points.

DISCUSSION

In this paper, we studied early steps of mouse polyomavirus
infection, monitoring adsorption, internalization, and move-
ments of viral particles in mouse NIH 3T6 fibroblasts and
NMuMG epithelial cells. We also addressed the question
whether any differences between virions and artificial VP1
pseudocapsids can be revealed.

Various nonenveloped DNA viruses, such as adenoviruses

FIG. 7. Fusion of vesicles carrying viral particles with large membrane structures. NIH 3T6 cells infected with virions (a, b, and c) and NMuMG
cells “infected” with VP1 pseudocapsids (d) were visualized by electron and immunoelectron microscopy. Staining was done with the rabbit
anti-caveolin-1 polyclonal antibody followed by the 10-nm gold-goat anti-rabbit IgG antibody. Arrowheads point to fusing vesicles carrying viral
particles. Nu, nucleus. Bars, 100 nm.
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or adeno-associated viruses, enter cells by receptor-mediated
endocytosis in clathrin-coated vesicles (5, 27, 41). The human
polyomavirus JC virus, which recognizes a sialized receptor,
has also been described entering cells in clathrin-coated pits
(30), while SV40 is known to use caveolae for internalization
(24). Although mouse polyomavirus also has an affinity to a
sialized receptor, it becomes internalized in smooth, non-clath-
rin-coated monopinocytic vesicles. Invaginations around poly-
omaviruses were smaller than typical caveolae and were mor-
phologically very similar to those around SV40 virions (24). As
with SV40, we observed polyomavirus particles in multilobed,
surface-connected invaginations, which have been described as
characteristic of caveolae in many different cell types (26).
Monopinocytic vesicles carrying all three types of particles
examined interacted with the anti-caveolin-1 antibody, suggest-
ing that they were derived either directly from caveolar do-
mains or from lipid rafts located in close proximity to caveolae.
Strong colocalization of VP1 with caveolin on cell membranes
and the frequent appearance of caveolae in areas of viral
particle adsorption suggest a high affinity of viral particles for
caveolar domains and also the actual cumulation of caveolin
induced by particle adsorption.

Both the association of vesicles containing particles with
actin microfilaments and the reorganization of actin cytoskel-
eton after particle adsorption strongly support the role of rafts
in viral particle internalization. It is known that cholesterol-
rich rafts are concentrated in actin-rich regions of quiescent
fibroblasts. In these domains, glycosylphosphatidylinositol-an-
chored proteins, transmembrane proteins, and double-acylated
proteins, including small GTPases regulating actin cytoskele-
ton rearrangement, are concentrated (21, 35). In the mem-

brane dynamic system, raft domains cluster together after li-
gand-receptor binding, thus enhancing signals transduced into
a cell (35). Interactions of viral particles with rafts may induce
similar processes, including signal transduction. This is also
supported by earlier observations of increased c-fos and c-myc
mRNA levels shortly after polyomavirus adsorption (46).

The role of cytoskeleton in polyomavirus trafficking is not
yet clear. At early times p.i., when actin stress fibers tempo-
rarily disappeared, microfilaments aligned with VP1 signal
were seen as concentric curves, decorating membranes around
the nucleus, suggesting that microfilaments guide VP1 to the
proximity of the ER (and/or possibly the Golgi apparatus).
Detection of actin in the nucleus is in agreement with recent
observations of the presence of actin and actin-binding pro-
teins in the nucleus, e.g., under stress conditions (31). Later (3
h p.i.), when the majority of the VP1 signal appeared around
the cell nucleus, stress fibers recovered.

Alignment of VP1 signal with microtubules was only rarely
seen in the earliest stages of infection. A higher extent of
VP1-tubulin association was found later (3 h p.i.), when the
VP1 label appeared closer to the nucleus. However, in these
areas of cells, no free viral particles and only a few monopi-
nocytic vesicles containing viral particles were found. There-
fore, the alignment of VP1 and tubulin signals represents the
trafficking of particle-containing monopinocytic vesicles and/or
the transport of larger endosomes (created by fusions of
monopinocytic vesicles with caveola-derived vesicles), in which
viral particles might be partially disassembled. The colocaliza-
tion of VP1 with tubulin around the nucleus could reflect an
alignment of microtubules with ER structures, where the VP1
of a majority of incoming viral particles seems to accumulate.

FIG. 8. Colocalization of actin with VP1 of virions (a to d) and pseudocapsids (f to h). Sections of NIH 3T6 cells fixed 20 min p.i. (a to c, f,
and g) or 3 h p.i. (d and h) were visualized by confocal microscopy. (e) Control, mock-infected, cell fixed 20 min p.i. Staining was done with the
rabbit anti-polyomavirus virion serum followed by the Alexa Fluor 488-goat anti-rabbit IgG antibody (green) and with phalloidin conjugated with
rhodamine (red). Bars, 10 �m.
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Strong colocalization of mitotic tubulin structures with VP1 is
probably mediated by the vesicular membranous structures,
derived from ER, which are known to be located along the
mitotic spindle during mitosis. Nor can we rule out a direct
interaction of mitotic tubulin structures with disassembled
VP1, released from ER. Interaction of newly synthesized VP1
with mitotic spindle structures was evidenced during VP1 pro-
duction in yeast cells (25).

Thus, actin appears to play a role in early stages of virus
movement, while microtubules play a role in later stages. How-
ever, in the recent experiments of Krauzewicz et al. (18), a
microfilament-destroying agent, cytochalasin D, had no effect
either on polyomavirus infectivity or on the expression level of
genes delivered by VP1 pseudocapsids, while the microtubule-
disrupting agent nocodazole inhibited both efficiently. This
suggests the hypothesis of two trafficking routes, only one of
which results in productive targeting of virions. In the case of

polyomavirus, actin bundles might function as a protective wall
of filaments, which leads vesicles with particles to dock in
compartments where they are doomed to degradation. On the
other hand, microtubules could direct vesicles with particles to
the proper targets, thus enabling the delivery of viral informa-
tion into the cell nucleus. The sensitivity of viral infection to
microtubule-destroying agents was also observed for SV40
(33), while papillomavirus infection is abolished by both mi-
crofilament- and microtubule-disrupting chemicals (45).

While this report was under review, a paper describing a
new, two-step vesicular-transport pathway to the ER, revealed
by studies of caveolar endocytosis of SV40, was published (29).
Using video-enhanced, live fluorescence microscopy, the au-
thors showed that monopinocytic vesicles with SV40 enter
larger, peripheral organelles, rich in caveolin-1, which they
named caveosomes. In these nonacidic organelles, SV40 is
sorted into tubular, caveolin-free membrane vesicles that move

FIG. 9. Colocalizations of tubulin with VP1 of pseudocapsids (Aa to Ad) and virions (Ae to Ah and B). Sections of NIH 3T6 fibroblasts (A)
and NMuMG (B) cells fixed 20 min p.i. (Aa and Ba) or 3 h p.i. (Ab to Ah and Bb to Bd) were visualized by confocal microscopy. Staining was
done with the rabbit anti-polyomavirus virion serum followed by the Alexa Fluor 488-goat anti-rabbit IgG antibody (green) and with the mouse
anti-�- and anti-�-tubulin antibody followed by the Cy3-sheep anti-mouse IgG antibody (red). Bars: 5 �m.
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rapidly along microtubules and deliver SV40 to syntaxin 17-
positive, smooth ER (29). Our observations are, in many re-
spects, in striking agreement with their findings: (i) the pres-
ence of caveolin on particle-containing monopinocytic vesicles
which fuse frequently with caveolin-rich endosomes, heteroge-
neous in size and shape, (ii) alignment of VP1 and tubulin
signals at later times postadsorption (3 h), (iii) the accumula-
tion of VP1 around the nuclear membrane, very probably in
the ER, and (iv) the absence of free viral particles in the
cytosol. On the other hand, we occasionally observed direct
fusion of monopinocytic vesicles carrying virus with the ER,
and we did not find the reported long, tubular virus-containing
endosomes. Moreover, the authors reported that tubular car-
riers do not contain caveolin, but we monitored the colocal-
ization of polyomavirus VP1 with caveolin-1 from the plasma
membrane up to perinuclear areas. Because the tubular SV40-
containing carriers are dynamic structures, moving rapidly
along microtubules (29), they might have eluded the detection
techniques we used. The inhibition of polyomavirus infection
by nocodazole was documented (18). Further studies are needed
to clearly determine if caveolin is required for the productive
route of polyomavirus viral particles. SV40 infection was blocked
by expression of the dominant-negative mutant of caveolin (32)
and was inhibited by nystatin and filipin (2). We observed strong
inhibition of the infectivity of both polyomavirus and SV40 by
methyl-�-cyclodextrin in concentrations that did not significantly
block the uptake of transferrin.

Surprisingly, Gilbert and Benjamin (11) observed little or no
colocalization of polyomavirus VP1 and caveolin in primary

mouse kidney cells and NIH 3T3 fibroblasts. Moreover, they
reported no effect of nystatin and filipin, as well as a clathrin-
blocking agent, and also no effect of expression of a dominant-
negative mutant of dynamin I (required for the formation of
both caveola-derived and clathrin-coated vesicles), on poly-
omavirus infection.

We detected no convincing VP1 signal from incoming VP1
pseudocapsids and virions in the cell nuclei. This was a sur-
prising finding because it had been reported that VP1 pseudo-
capsids (1) and virions of polyomavirus and also SV40 enter
the nucleus and become uncoated quickly thereafter (6, 14, 20,
43, 44). These results suggest either that only a few entire
virions enter the cell nucleus (and thus are below the detection
level) and the vast majority of viral particles becomes disas-
sembled and subsequently degraded in the cytoplasm or that
the VP1 of virions entering the nucleus becomes degraded
more quickly than that remaining in the cytoplasm. Masking of
VP1 epitopes by nuclear proteins may be another possibility.
Finally, the question of whether virion uncoating could take
place on cytoplasmic or nuclear membrane structures, and only
viral nucleocores would pass through nucleopores (or bypass
them and enter directly through nuclear membranes), should
be reconsidered. The maximum diameter of a particle that can
pass through the pore is estimated at 23 nm (7, 8), while the
diameter of the polyomavirus virion is about 50 nm. Experi-
ments monitoring the localization of individual structural pro-
teins of polyomavirus and polyomaviral DNA are under way to
help solve this problem.

Despite the remarkable differences in the efficiency of DNA

FIG. 10. The majority of VP1 of incoming virions (a to c) and pseudocapsids (d to f) does not enter the cell nucleus. Sections of 3T6 cells fixed
3 h p.i. were visualized by confocal microscopy. Staining was done with the rabbit anti-polyomavirus virion serum followed by the Alexa Fluor
488-goat anti-rabbit IgG antibody (green). DNA was visualized with propidium iodide (red). Bars in panels a to e, 5 �m. Bar in panel f, 2 �m.
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delivery mediated by virions and VP1 pseudocapsids, with both
electron and confocal microscopy we found no substantial dif-
ferences in the movement of virions and VP1 pseudocapsids.
We cannot rule out the possibility that at least some of the
processes observed represent the defense of cells against viral
particle invasion. On the other hand, both the inner content of
particles and the absence or presence of minor structural pro-
teins, VP2 and VP3, may account for subtle differences in
molecular interactions in cells, apparently through changes in
the particle surface conformation. VP1 pseudocapsids might
be handicapped in the process of DNA uncoating, but the fate
of viral particles may already be decided in a very early step of
its adsoption on the plasma membrane, in sorting endosomes,
and/or in ER compartments.
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9. Forstová, J., N. Krauzewicz, S. Wallace, A. J. Street, S. M. Dilworth, S.
Beard, and B. E. Griffin. 1993. Cooperation of structural proteins during late
events in the life cycle of polyomavirus. J. Virol. 67:1405–1413.
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