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Cytoplasmically injected simian virus 40 (SV40) virions enter the nucleus through nuclear pore complexes
(NPCs) and can express large T antigen shortly thereafter (J. Clever, M. Yamada, and H. Kasamatsu, Proc.
Natl. Acad. Sci. USA 88:7333-7337, 1991). The nuclear import of the protein components of introduced SV40
was reversibly arrested by chilling and energy depletion, corroborating our previous observation that the
nuclear entry of injected SV40 is blocked in the presence of wheat germ agglutinin and an antinucleoporin
monoclonal antibody (mAb414), general inhibitors of NPC-mediated import. The nuclear accumulation of
virion protein components and large T antigen in nonpermissive NIH 3T3 cells was similar to that in the
permissive host, indicating that the ability to use NPCs as a route of nuclear entry appears to be a general
property of the injected virus. Injected virions were capable of completing their lytic cycle and forming plaques
in permissive cells. During the early phase of SV40 infection, the cytoplasmic injection of mAb414 effectively
blocked nuclear T-antigen accumulation for up to 8 h of infection but had very little effect after 12 h of
infection. The time-dependent interference with nuclear T-antigen accumulation by the antinucleoporin
antibody is consistent with the hypothesis that the infecting virions enter the nucleus through NPCs. The
interference study also suggests that the early phase of infection consists of at least two steps: a step for virion
cell entry and intracytoplasmic trafficking and a step for virion nuclear entry followed by large-T-antigen gene
expression and subsequent nuclear localization of the gene product. Virions were visualized as electron-dense
particles in ultrathin sections of samples in which transport was permitted or arrested. In the former cells,
electron-dense particles were predominantly observed in the nucleus. The virions were distributed randomly
and nonuniformly in the nucleoplasm but were not observed in heterochromatin or in nucleoli. In the latter
cells, the electron-dense particles were seen intersecting the nuclear envelope, near the inner nuclear
membrane, and in NPCs. In tangential cross sections of NPCs, which appeared as donut-shaped structures, a
spherical electron-dense particle was observed in the center of the structure. Inmunoelectron microscopy
revealed that NPCs were selectively decorated with 5-nm colloidal gold particles—anti-Vpl immunoglobulin G
at the cytoplasmic entrance to and in NPCs, confirming that the morphologically observed electron-dense
particles in NPCs contain the viral structural protein. These results support the hypothesis that the nuclear
import of SV40 is catalyzed through NPCs by an active transport mechanism that is similar to that of other

karyophiles.

Animal viruses utilize unique subcellular sites for their
multiplication. Information necessary for targeting infec-
tious virions to their reproductive site in the cell is contained
within the virion structural proteins (15). For papovaviruses,
a family of DNA tumor viruses including murine polyoma-
virus, simian virus 40 (SV40), and human BK and JC
viruses, all viral multiplication processes, genome replica-
tion, nucleocapsid formation, and progeny virion maturation
in a permissive host, as well as integration of the wviral
genome into host chromosomes in nonpermissive hosts,
occur in the nucleus (41). Thus, the targeting of an infectious
particle to the nucleus following its entrance into both
permissive and nonpermissive host cells is a key event in the
virion life cycle. Early stages of infection include the
epitope-specific binding of virion particles to the cell surface,
internalization of the particles into the cytoplasm, and re-
lease of viral DNA from the virion coat in the nucleus (15,
41). In reported studies, virions have been observed in
various cytoplasmic organelles, including mitochondria, ly-
sosomes, the endoplasmic reticulum, and the Golgi appara-
tus (23, 25, 30, 32). Internalization of electron-dense parti-
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cles into the intracisternal space of the nuclear envelope also
has been reported (23, 25, 30, 32). A postulated route for
virion nuclear entry involves fusion of the plasma membrane
containing endocytosed virions with the outer nuclear mem-
brane, thereby releasing into the perinuclear cisterna the
virions, which subsequently enter the nucleus through the
inner nuclear membrane by an unknown mechanism (22, 23,
25, 30, 32, 35). We showed that the nuclear import of virion
particles introduced directly into the cytoplasm by injection
was sensitive to inhibitors of nuclear pore complex (NPC)-
mediated transport and that these particles were competent
for large-T-antigen expression (9). The protein components
of introduced virions, as well as electron-dense virion parti-
cles, accumulated in the nucleus within 1 to 2 h after
cytoplasmic injection, and an early gene product, large T
antigen, accumulated in the nucleus 3 h after cytoplasmic
injection. Thus, the introduction of virions directly into the
cytoplasm shortened the duration required for the onset of
large-T-antigen expression in SV40-infected cells. The nu-
clear accumulation of virion proteins and large T antigen was
blocked by coinjection of virions with NPC-inhibitory re-
agents, such as lectin wheat germ agglutinin or an antinucle-
oporin monoclonal antibody, mAb414. In ultrathin sections
of the mAb4l4-coinjected cells, electron-dense particles
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were predominantly observed in the cytoplasm and in the
vicinity of the nuclear envelope. These observations are
consistent with the idea that an injected SV40 particle can
enter the nucleus through an NPC by a mediated transport
mechanism, as has been shown for karyophilic proteins (7,
10, 13). This NPC-mediated nuclear entry route of injected
virions is in contrast to the fusion-driven nuclear entry route
postulated to occur during infection. While our approach,
delivering virions directly to the cytoplasm, abbreviates the
cell entry process(s) of infecting virions, the first step of
infection, it may elucidate ambiguous steps pertaining to the
early phase of infection.

NPCs are large, highly symmetrical structures that join at
intervals the outer and inner nuclear membranes of the
nuclear envelope (3, 17, 38, 42). They provide aqueous
channels, allowing the diffusion of small molecules but
restricting the passage of large macromolecules unless the
signal-responsive gating process allows their passage (6, 27,
28, 36, 37). The nuclear entry of karyophilic proteins through
NPCs is dependent on a nuclear localization signal (NLS)
and is an active process (7, 10, 13, 33, 39). The selective
transport process is divided into at least two steps: NLS-
dependent binding to the nuclear envelope, presumably to
the transporter in an energy-independent manner, and trans-
location through the NPC. The latter step is temperature and
energy dependent (7, 33, 39) and is arrested by chilling, by
depletion of metabolic energy, or by the addition of wheat
germ agglutinin, which binds to N-acetylglucosamine and
sialic acid, or antibodies that recognize a subset of nucle-
oporins, a family of NPC proteins (11, 16, 44). The binding
sites for wheat germ agglutinin, mAb414, and an NPC-
transported protein, nucleoplasmin, have been mapped to
the central region of NPCs (4), which has been shown to be
the site of protein translocation and hence has been named
the central transporter (4).

In this study, we have tested whether virion nuclear entry
is arrested by chilling or energy depletion, whether virions
are effectively targeted to the nucleus of nonpermissive cells
(NIH 3T3), and whether cytoplasmically injected virions are
capable of completing the infectious cycle. We have also
studied a possible role of NPCs in SV40 infection. Ultra-
structural evidence for the presence of SV40 in NPCs is also
presented to further support our conclusion that SV40 par-
ticles can enter the nucleus through NPCs. The localization
of virion particles was further ascertained by immunoelec-
tron microscopy with anti-Vpl immunoglobulin G (IgG).

MATERIALS AND METHODS

Cells and viruses. TC7 cells, a subline of the African green
monkey kidney epitheloid cell line, and NIH 3T3 cells were
maintained and passaged in TC7 cell medium which is
Dulbecco’s modified Eagle’s medium supplemented with
arginine hydrochloride (0.3 mg/ml), glutamine (1.5 mg/ml),
histidine hydrochloride (20 pg/pl), glucose (5 mg/ml), and
10% fetal bovine serum.

The purification of SV40 virions was performed as previ-
ously described (26), and virion stock preparations (8 x 104
to 10 x 10'* physical particles per ml) were stored at —20°C
in CsCl (1.34 g/ml) containing N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid (HEPES)-buffered saline (25 mM
HEPES [pH 7.2], 137 mM NaCl, 5 mM KCl, 0.8 mM
Na,HPO,) (CsCI-HEPES-buffered saline).

Microinfection and microinjection. SV40 virion particles in
CsCI-HEPES-buffered saline were used to microinfect the
apical surface of TC7 cell monolayers or were microinjected
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into the cell cytoplasm as previously described (8, 9). For
virion neutralization, 0.3 ml of calf anti-SV40 serum (Flow
Laboratories, McLean, Va.) was added to 6 ml of culture
medium during microinjection. For TC7 cells, the virion
stock solution was diluted with CsCI-HEPES-buffered sa-
line to 10 physical particles per ml. The number of virion
particles injected into the cytoplasm was varied from 10° to
10* particles per cell and was sufficient to detect both major
Vpl and minor Vp2 and Vp3 proteins. In some experiments,
10 to 100 particles per cell were cytoplasmically injected.
CsCl was included for convenience but was not essential for
aimed microinjection. A virion stock solution in HEPES-
buffered saline was just as effective as one in CsCI-HEPES-
buffered saline (data not shown). For microinjection of NIH
3T3 cells, the virion stock solution was diluted with HEPES-
buffered saline without CsCl. NIH 3T3 cells were much
more sensitive to hypertonicity than TC7 cells, and the
presence of 0.3 M CsCl resulted in cell death following
cytoplasmic microinjection. For electron microscopy (EM)
studies, the injected cells or infected cells were marked as an
islet by scraping with a glass microcapillary surrounding
cells and then cultured in 10% fetal bovine serum-containing
TC7 cell medium. In some experiments, the virion particles
were comicroinjected with antinucleoporin monoclonal an-
tibody mAb414 (1 mg/ml).

Indirect immunofluorescence. Hamster anti-large-T-anti-
gen polyclonal antibody, rabbit anti-Vpl antibody, guinea
pig anti-Vpl antibody, rabbit anti-Vp3 antibody, and antinu-
cleoporin monoclonal antibody mAb414 were previously
described (9). Rabbit anti-Vp3 antibody recognizes both Vp2
and Vp3 of SV40 (29). Fluorescein isothiocyanate (FITC)-
goat anti-rabbit IgG, FITC-goat anti-hamster IgG, tetrame-
thylrhodamine isothiocyanate (TRITC)-goat anti-guinea pig
IgG, TRITC-goat anti-rabbit IgG, or TRITC-goat anti-
mouse IgG were from Oregon-Teknika-Cappel (Cochran-
ville, Pa.). Cells were grown on glass coverslips etched with
a diamond pen to facilitate localization of the site for
microinfection or microinjection. At various times after
microinfection or microinjection, the cells were washed with
ice-cold Dulbecco’s phosphate-buffered saline (PBS) and
fixed with 2% paraformaldehyde in PBS for 5 min at room
temperature. The cells were washed with PBS, permeabi-
lized with absolute methanol at —20°C, incubated with the
primary antibody at a 1:40 dilution for 45 min at room
temperature, rinsed thoroughly, and then incubated for 45
min with a 1:100 dilution of a fluorescence-labeled secondary
antibody. Finally, the coverslips were mounted in Gelvatol
and viewed and photographed on a fluorescence microscope
(8).
Chilling and energy depletion studies. For the temperature
arrest experiment, cells that had been precooled on ice for 1
h were cytoplasmically microinjected with SV40 particles
and then incubated for 2 h on ice before fixation. For the
temperature reversal experiment, the microinjected cells,
after incubation on ice, were shifted to 37°C for 1 h before
fixation. For glucose depletion experiments, cells were pre-
incubated for 1 h at 37°C in glucose-free Eagle’s basal
medium supplemented with 10% dialyzed newborn calf
serum in the presence or absence of 6 mM 2-deoxyglucose
and 10 mM sodium azide. After cytoplasmic microinjection,
cells were incubated in the same medium at 37°C for 2 h
before fixation. For the reversal experiment, energy-de-
pleted microinjected cells were transferred to Eagle’s basal
medium with 10% newborn calf serum for additional incu-
bation at 37°C for 1 h.

Plaque assay. Cells were plated 1 day prior to injection or
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infection on a 60-mm plastic culture dish in the bottom of
which 2-mm circles had been etched. The cells inside the
circles were microinfected or cytoplasmically microinjected
with SV40 particles in the presence or absence of SV40-
neutralizing antiserum. Following microinfection or micro-
injection, cells were cultured for 1 h in the presence or
absence of the neutralizing antiserum in TC7 cell medium.
They were then washed with TD buffer (9), overlaid with 3
ml of 0.8% soft agar-Eagle’s minimum essential medium
containing 5% fetal bovine serum, and incubated for 7 days.
On the 7th day, these cells received a second overlay and
were incubated for an additional 7 days. For the visualiza-
tion of plaques, cells were fixed with 3.7% formaldehyde in
PBS for 5 min after the agar medium had been carefully
loosened from the plate at the edges and removed by
inversion; cells were then washed with PBS and stained with
1% crystal violet (14).

Microinjection of antinucleoporin monoclonal antibody
mAb414 into SV40-microinfected cells. A total of about 100
cells on either of the two sides of an etched line on a
coverslip were microinfected with SV40 (10'* physical par-
ticles per ml) in CsCI-HEPES-buffered saline. The marked
line was brought into the center of the viewing field of the
eyepiece, and mAb414 (1 mg/ml) or the mouse antihuman
kappa chain-constant-region antibody Idh 3.3.6 (1 mg/ml)
was cytoplasmically injected into the cells on one side of the
line 1, 4, 8, or 12 h after microinfection. Twenty hours after
microinfection, the cells were fixed and then immunocyto-
chemically stained as described above for the detection of
nuclear large T antigen and mouse monoclonal antibody
mAb414.

EM. Samples for EM were fixed in 2.5% glutaraldehyde in
Dulbecco’s PBS for 1 h at room temperature and kept in 1%
glutaraldehyde overnight or until EM processing. For EM
processing, the monolayers were washed three times with 50
mM Na cacodylate buffer (pH 7.3), fixed with 1% osmium
tetroxide for 30 min in the dark, rinsed with distilled water,
stained overnight at 4°C with fresh aqueous 1% uranyl
acetate, dehydrated in an ethanol series (60 to 100%) with
propylene oxide, and embedded flat in Epon 812. Coverslips
were removed by liquid N, immersion. Marked cells were
visible following toluidine blue staining, and the marked
area, ranging from 1 to 2 mm?, was selectively trimmed with
a razor blade. Thin sections of 600 to 1,000 X (60 to 100 nm)
were made with a Sorvall MT-1 ultramicrotome, mounted on
Parlodion-coated and carbon-stabilized copper grids, stained
with uranyl acetate and then with Reynold’s lead citrate, and
viewed on a Philips 410 EM at 120 keV. The substratum cell
attachment side could be oriented within a section, as it
faced the Epon surface. For serial sections, sections were
made as parallel as possible but oblique to the plane of the
Epon surface, allowing identification of cells relative to the
substratum side. Measurements of the diameters of virion
particles and NPCs and the distance between NPCs were
performed on photographs enlarged to a magnification of
%x200,000. The number of virions in the nucleoplasm of the
cells in which transport was permitted, 2.5 virion particles
per um?, was obtained by counting the number of distinct
electron-dense particles in the overlapping areas in three
montages of serial sections, n, n + 1, and n + 3. The
cytoplasmic invagination, as well as heterochromatin masses
in the nucleus and mitochondria in the cytoplasm, can be
used as guiding markers to locate an area within the nucleus
in serial sections. The montages were composed of three to
eight aerial photographs enlarged from negatives taken at a
magnification of x23,000.
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Immunoelectron microscopy. For immunoelectron micros-
copy, the monolayers were fixed with a combination of 1%
water-soluble 1-ethyl-3(3-dimethylaminopropyl) carbodiim-
ide (Sigma, St. Louis, Mo.) and 0.2% glutaraldehyde as
previously described (19). They were permeabilized either in
0.05% saponin or in 0.1% Nonidet P-40 in 10 mM Tris-HCI
(pH 7.0)-150 mM NaCl-2 mM ethylene glycol-bis(B-amino-
ethyl ether)-N,N,N’,N'-tetraacetic acid (EGTA) for at least
1 h at 37°C with gentle agitation and treated sequentially with
goat IgG (1 mg/ml) for 2 h, affinity-purified rabbit anti-Vpl
IgG (20 pg/ml) for 2 h, and 5-nm colloidal gold particle
(CGP)-conjugated goat anti-rabbit IgG (Ted Pella, Inc.,
Redding, Calif.) diluted 1:20 in 0.1% cold-water-fish gelatin
(Sigma) for 2 h. All antibody dilutions, incubations, and
intervening wash steps were carried out with the above-
described saponin solution at 37°C. Excess reagent was
washed away after each incubation with three changes, 30
min each, of saponin solution at 37°C. Following the last
incubation and wash, samples were fixed in 2.5% glutaral-
dehyde in PBS and then processed for EM as described
above.

RESULTS

Nuclear accumulation of the protein component of SV40 is
arrested by chilling and metabolic energy depletion. Nuclear
transport of NLS-harboring proteins through NPCs has been
shown to be arrested by chilling and to require metabolic
energy (7, 39). To test whether the nuclear targeting of SV40
is also arrested at a low temperature, we examined the
subcellular localization of viral proteins Vpl and Vp3 in
virion-injected cells at 37°C and at 0 to 4°C. As expected, at
37°C, Vpl and Vp3 localized to the nucleus within 2 h
postinjection (Fig. 1A and B). In contrast, when precooled
cells were injected with SV40 and subsequently maintained
on ice for an additional 2 h, the nuclear accumulation of both
proteins was arrested and the proteins remained in the
cytoplasm (Fig. 1C and D). In these cells, perinuclear rim
staining of Vpl was observed (Fig. 1G and H). The perinu-
clear staining was similar to that observed in nucleoplasmin-
and histone Hl-injected cells at a low temperature (7, 39).
The chilling effect was reversible; when virion-injected cells
that had been incubated at 4°C before and after injection
were shifted to 37°C for 1 h before fixation, both proteins
localized to the nucleus (Fig. 1E and F).

We next examined the requirement of metabolic energy
for the nuclear targeting of SV40. In the presence of normal
levels of glucose in Eagle’s basal medium, Vpl and Vp3
localized to the nucleus 2 h after microinjection (data not
shown). When the cells were depleted of energy by treat-
ment with sodium azide and 2-deoxyglucose (see Materials
and Methods), both proteins remained in the cytoplasm at 2
h postinjection (data not shown; their protein localization
patterns were identical to those shown in Fig. 1C and D).
When the microinjected, energy-depleted cells were trans-
ferred to normal glucose-containing medium, both proteins
localized to the nucleus 1 h after the medium change (data
not shown), indicating the reversibility of the inhibition. The
temperature as well as energy dependency of the nuclear
accumulation of SV40 proteins supports our conclusion that
NPCs are a route of nuclear entry for microinjected SV40
virion proteins.

SV40 entry into the nuclei of nonpermissive cells. To test
whether SV40 virions enter the nuclei of both nonpermissive
and permissive cells by the same route, we injected virions
into the cytoplasm of NIH 3T3 cells. Injected virion Vpl
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FIG. 1. Subcellular localization of Vpl, Vp3, and T antigen. (A
through H) Effect of chilling on the nuclear accumulation of Vpl and
Vp3 in permissive TC7 cells. (I and J) Nuclear accumulation of Vpl
and large T antigen in nonpermissive NIH 3T3 cells. (A and B) Cells
were incubated at 37°C for 2 h following cytoplasmic injection of
SV40. (C and D) Precooled cells were cytoplasmically injected with
virion particles and subsequently incubated for 2 h on ice before
fixation. (E and F) Virion-injected cells that had been treated exactly
as in panels C and D were shifted to 37°C for 1 h before fixation. For
panels A through H, cells were reacted with guinea pig anti-Vpl and
rabbit anti-Vp3 antibodies and then with TRITC-goat anti-guinea
pig and FITC-goat anti-rabbit antisera. (I and J) NIH 3T3 cells
cytoplasmically injected with SV40 were cultured for 2h (I) or 4 h
(J), fixed, and reacted with rabbit anti-Vp1 (I) or hamster anti-large-
T-antigen (J) antisera and then with TRITC-goat anti-rabbit IgG (I)
or FITC-goat anti-hamster IgG (J). (A, C, E, G, H, and I) Anti-Vpl
antibody staining. (B, D, and F) Anti-Vp3 antibody staining. (J)
Anti-T-antigen antibody staining. (G and H) Higher magnifications
of cells treated as in panel C. The perinuclear binding of Vpl is
visible.

localized to the nucleus within 2 h of cytoplasmic injection
(Fig. 1I), and nuclear large T antigen was observed 4 h
postinjection or 2 h after nuclear Vpl accumulation (Fig. 1J).
As in permissive TC7 cells, the nuclear import of Vpl in
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FIG. 2. Ability of injected and infected SV40 to form plaques.
Cells inside marked circles (e.g., arrow in C) were microinfected
with SV40 in the presence (C) or absence (A) of SV40-neutralizing
antibody or cytoplasmically microinjected with virions in the pres-
ence of the neutralizing antibody (B). Cells were cultured in semi-
solid agar medium for 14 days, fixed, and then stained with crystal
violet. Irregularly shaped plaques that had not been aimed for
microinfection are indicated by arrowheads in A and were presum-
ably due to virions that leaked from the capillary during infection.

NIH 3T3 cells was arrested by chilling or in the presence of
antinucleoporin antibody (data not shown). Thus, the ability
to use NPCs appears to be a general property of the
microinjected virus.

Ability of cytoplasmically injected SV40 to complete the
infectious cycle and propagate. To further substantiate the
idea that cytoplasmically injected virions are able to com-
plete the viral lytic cycle and propagate, we performed a
plaque formation assay (Fig. 2). About 100 cells in medium
containing virus-neutralizing antibody were cytoplasmically
injected with SV40 particles and allowed to propagate in
semisolid agar medium for 14 days, at which time the
presence of plaques was assayed. As a control, plaque
formation following viral infection was assayed by microin-
fecting cells in the absence or presence of the virus-neutral-
izing antibody. In the SV40-injected cultures, clearly round-
shaped plaques were seen around and concentric to the
microinjected area (Fig. 2B), while in SV40-infected cul-
tures, round-shaped plaques were also seen around the
microinfected area, but the plaques were irregular and
smaller in size than those resulting from microinjection (Fig.
2A). As anticipated, the presence of the neutralizing anti-
body prevented plaque formation by microinfected virus
(Fig. 2C) and assured that the cell surface-mediated infec-
tion, if any, due to leaked virus during the cytoplasmic
injection was blocked effectively (9). These results demon-
strate that cytoplasmically injected SV40 particles are capa-
ble of completing the infectious cycle, leading to secondary
infection and forming plaques.

Time-dependent interference with nuclear T-antigen accu-
mulation by mAb414 following SV40 infection. For papova-
virus infection, virion particles are internalized, following
adsorption, into the cytoplasm after being enveloped by the
plasma membrane (22, 23, 25, 30, 32, 35). We thus wished to
assess the route of nuclear entry for virions that are intro-
duced by infection rather than injection. It should be noted
that the subcellular localization of Vpl after microinfection
could not be monitored cytochemically, presumably because
of low levels of virion internalization. We thus monitored
infection by determining nuclear large-T-antigen accumula-
tion. The accumulation of nuclear large T antigen in the early
phase of virus infection occurs about 10 to 12 h after the
adsorption of virions to cells and is a result of serial events,
including internalization, intracytoplasmic trafficking, virion
nuclear entry, expression of the gene, and nuclear targeting
of the gene product. While the first two events are unique to
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1h

12h

FIG. 3. Effect of mAb414 on virion infection. Cells on both sides of a diamond pen-etched line (shown in panels A and B) were
microinfected with SV40. At 1 (A, C, and E) or 12 (B, D, and F) h after infection, mAb414 was cytoplasmically injected into the cells on the
left side of the line. At 20 h after viral infection, cells were fixed, reacted with TRITC-goat anti-mouse IgG (am) and hamster
anti-large-T-antigen (aT) antisera, and then reacted with FITC-goat anti-hamster IgG. (C and E) The mAb414-injected cells shown in panel
C were devoid of the nuclear large-T-antigen staining shown in panel E, except for three cells (arrowheads) that escaped mAb414. Nuclear
large-T-antigen staining is indicated by arrowheads in panel E. (D and F) Arrows indicate cells that accumulated nuclear large T antigen and

were injected with mAb414.

the infection, the last three events commence in both in-
fected and cytoplasmically virion-injected cells. The time
required for the last three in injected cells has been estimated
to be 3 to 4 h (9). The time required for nuclear T-antigen
accumulation did not change when a few virions, 10 to 100,
instead of 1,000 to 10,000, were cytoplasmically injected
(data not shown). If the infecting virions enter through the
NPCs, nuclear T-antigen accumulation is expected to be
inhibited by the cytoplasmic injection of antinucleoporin
antibody after infection within a finite time period. Once the
early gene is expressed following virion nuclear entry and its
gene product accumulates in the nucleus of infected cells,
the reagent should interfere only with the subsequent nu-
clear import of the gene product. The finite time period
should allow us to evaluate the unique phase of the infection.

The effect of a transport inhibitor on the nuclear accumu-
lation of large T antigen was examined following SV40
microinfection (Fig. 3; Table 1). At 1, 4, 8, or 12 h after SV40
infection, mAb414 was injected cytoplasmically into cells,
such as those shown to the left of the line in Fig. 3A and B.
Similarly, a mouse anti-human kappa-chain-constant-region
antibody, Idh 3.3.6, was cytoplasmically injected 1 h after
virus infection as a control. The subcellular localizations of
mouse IgG (mAb414 and Idh 3.3.6) and large T antigen were
determined 20 h after infection by indirect double-immun-
ofluorescence microscopy. Cell viability did not suffer ap-
preciably up to 24 h after cytoplasmic injection of either
antibody (data not shown). When mAb414 was injected 1 h
after infection, large T antigen was not observed in mAb414-
injected cells (Fig. 3C and E; Table 1) but was seen in the

nuclei of uninjected cells (to the right of the line in Fig. 3E;
Table 1). Cells that escaped the mAb414 injection showed
nuclear large-T-antigen staining (indicated by arrowheads in
Fig. 3C and E; Table 1). A similar observation was made
when the reagent was injected into the infected cells 4 or 8 h
postinfection (Table 1). Cytoplasmic injection of Idh 3.3.6
did not affect the nuclear accumulation of large T antigen
(Table 1), indicating that the lack of large-T-antigen expres-
sion in the above-described mAb414-injected cells was spe-
cific to the action of the antinucleoporin antibody. In con-
trast, when mAb414 was delivered 12 h after infection, the
reagent had very little effect on nuclear large-T-antigen
accumulation; even in the antibody-injected cells, nuclear
staining of large T antigen was seen (indicated by arrows in
Fig. 3D and F; Table 1). The nuclear accumulation of large T
antigen in those cells must have occurred before the injec-
tion of mAb414. These results indicate that the blockade by
the antinucleoporin antibody of nuclear T-antigen accumu-
lation following SV40 infection is time dependent, occurs for
up to 8 h of infection, and succumbs to the action of the
reagent once virions are imported into the nucleus anytime
during the subsequent 4 h (8 to 12 h of infection). These
results also suggest that the process that includes internal-
ization and intracytoplasmic trafficking is slow and takes at
least 8 h during an infection.

Ultrastructural observations. (i) Subcellular distribution of
electron-dense particles in virion-injected cells. To refine our
previous ultrastructural observations that the majority of
cytoplasmically injected SV40 virion particles are imported
to the nucleus shortly after injection, we processed cells
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TABLE 1. Time course of the antinucleoporin antibody effect on SV40 infection”

No. of cells that were

Expt Time (h) Cytoplasmic No. of cells No. of cells No. of cells that
P postinfection injection examined T-/ma* T-/ma~ T+/ma* T+/ma- examined were T+
1 1 None — — — — — 55 41
Idh 3.3.6 47 0 36 9 — —
2 1 None — — — — — 48 39
mAb414 42 26 14 — -
3 1 None — — — — — 48 38
mAb414 53 39 3 0 11 — —
2 4 None — — — — — 41 30
mAb414 48 31 6 0 11 — —
2 8 None — — — — — 49 36
mAb414 41 32 0 0 9 — —
4 12 None — — — — — 56 36
mAb414 50 37 0 11 2 — —

2 At 1, 4, 8, or 12 h after SV40 microinfection, cells in half of a designated area were cytoplasmically microinjected with either mouse anti-human antibody Idh
3.3.6 or antibody mAb414, while cells in the other half received no injection (none), as described in Materials and Methods and in the legend to Fig. 3. The cells
were harvested 20 h after infection. The number of cells in the area was obtained from phase-contrast micrographs, and the T-/ma*, T~/ma~, T*/ma*, T*/ma",
and T+ cells were obtained from immunofluorescence micrographs (T represents T antigen, and ma represents mouse antibodies). —, not determined.

Experiments for microinfection and microinjection were performed as sets.

fixed 1.5 h after microinjection for EM. In agreement with
our previous observations, many spherical electron-dense
particles (Fig. 4A, B, and C, arrows) were seen in the nuclei.
Such electron-dense particles are tentatively designated
virion particles. Virion particles were distributed randomly
but nonuniformly in the nucleoplasm but not in heterochro-
matin or in nucleoli (data not shown). The average diameter
of the particles in the nucleoplasm was 38.2 + 4.3 nm (n =
100). An average of 2.5 virion particles per pm? per section
were counted, amounting to 10.3 particles per um?, in the
nucleoplasm. If a volume of about 700 wm” is assumed for
the 23.2- and 4.64-pm oblate ellipsoid TC7 cell nucleus (18),
the number of virion particles in one nucleus, as estimated
from those found in the nucleoplasm of serial sections, is
about 7 X 10° (see Materials and Methods). Virion particles
were absent in the cytoplasm as well as in organelles, such as
mitochondria, the endoplasmic reticulum, and the Golgi
apparatus (Fig. 4A and B). In the control noninjected cells,
spherical electron-dense particles were seen neither in the
nuclei (Fig. 4D) nor in the cytoplasm.

Tangential cross sections of NPCs were also visualized.
An area(s) bisected by the nuclear envelope and showing
distinct double nuclear membranes, such as those seen in
Fig. 4A and B, contained many donut-shaped NPCs (Fig. 4C
and D). They were interspersed with the nuclear matrix. The
average outer diameter, inner diameter, nearest NPC-NPC
distance, and density of NPCs were estimated to be 85.3 +
8.6 nm (n = 100), 40.2 + 8.5 nm (n = 100), 208.2 = 67.7 nm
(n = 100), and 12.5 + 2.9 pores per pm?>, respectively.

(ii) Virion particles in NPCs. We have shown that virion
particles are seen predominantly in the cytoplasm and in the
vicinity of NPCs of mAb414-coinjected cells (9). Transport
arrest provided an opportunity to observe virion particles in
the NPCs (Fig. 5). In transport-arrested cells, virion parti-
cles were seen near the inner nuclear membrane (Fig. 5A,
arrows only, and 5C, short arrows), intersecting the nuclear
envelope (Fig. SA, arrow with arrowhead, and 5B, arrow),
and in the NPCs (Fig. 5C, long arrows, and SE through I). In
the tangential sections of the NPCs, electron-dense particles

were seen inside and at the center of the donut-shaped NPCs
of virion-injected cells (Fig. 5C, long arrows, and 5E through
I). Such electron-dense particles were not observed in non-
virion-injected cells (Fig. 5D, arrowheads, and 5J through
L). The average diameter of the two electron-dense particles
appearing in each of the NPCs in Fig. 5C (long arrows) was
21.3 nm, and that in eight NPCs was 24.2 = 6.9 nm,
considerably smaller than the average diameter of virion
particles seen in the nucleoplasm (see above).

(iii) Immunogold-Vp1 labeling of NPCs. To confirm that
electron-dense particles observed near and in NPCs re-
flected SV40 particles, we performed immunoelectron mi-
croscopy with affinity-purified anti-Vpl IgG and CGPs con-
jugated with the secondary antibody (Fig. 6). Although
overall structural detail suffered from the permeabilization
process, NPCs were seen as an amorphous mass intercept-
ing the nuclear envelope but connecting fused outer and
inner nuclear membranes in sections perpendicular or
slightly oblique to the plane of the nuclear envelope (Fig. 6A,
C, and F). Multiple CGPs were observed at the cytoplasmic
entrance to NPCs (Fig. 6A and C, arrowheads), and two
CGPs were seen in association with an NPC (Fig. 6F,
arrowhead). In the tangential sections of the nuclear enve-
lope, donut-shaped NPCs were visible (Fig. 6B, D, and E,
arrowheads), although the poor morphology caused by de-
tergent treatment made them less discernible from surround-
ing structures, such as those shown in the lower half of Fig.
6B. CGPs were either in the NPCs (Fig. 6B, D, and E,
arrows, and Fig. 61 through M) or in the area with the poor
structural detail (Fig. 6B, lower right).

The CGPs were rarely found in the cytoplasm or in the
vicinity of the NPCs of virion-injected cells, in which the
primary antibody treatment was omitted (data not shown),
or were limited to the cell periphery and were rarely found in
the vicinity of the NPCs of virion-infected cells (data not
shown). The latter observation for the infected cells is in
agreement with the lack of Vpl staining observed for virion
infection (see above). Since the CGPs decorating virions
adsorbed to the cell surface of infected cells were readily



FIG. 4. Subcellular localization of cytoplasmically inj
Cytoplasmically injected cells were incubated for 1.5 h prior to fixation. (D) Electron micrograph of noninjected control cells. Arrows indicate
SV40 particles. mt, mitochondria; G, Golgi apparatus; ER, endoplasmic reticulum; Nuc, nucleoplasm; Cyt, cytoplasm. Bars, 200 nm.
Tangential sections of NPCs are aligned in an orderly fashion among the nuclear matrices (C and D). The nearest NPC-NPC distance, 208.2
+ 67.7 nm (n = 100), was measured as the distance between the centers of two NPCs in an area containing a cluster of more than four NPCs.
Twenty areas were selected for the measurement. The number of NPCs per square micrometer, 12.5 + 2.9, was obtained by counting the
NPCs in 30 different areas measuring 1 pm? each.
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visible (data not shown), fewer virions appeared to be
internalized during infection.

For cell permeabilization, we used either saponin or
Nonidet P-40. In either case, virion particles in the nucleo-
plasm of virion-injected samples, such as those shown in
Fig. 4A and B, were not distinguished from the cell structure
and were rarely decorated by the CGPs. A few clusters of
CGPs were occasionally observed (Fig. 6G and H) but were
insufficient to account for the number of virion particles
observed in Fig. 4. This scarcity of CGP decoration of SV40
in the nucleus could suggest that the diffusion into the
nucleus of the immunoreagents, anti-Vpl antibody and 5-nm
CGP-coated IgG, was ineffective or that the antigenic deter-
minants in the nucleus were inaccessible to the reagents.
Nonetheless, the immunogold-Vpl labeling of NPCs pro-
vides evidence that the morphologically observed electron-
dense particles contained the viral structural proteins.

DISCUSSION

We have now shown that the nuclear import of SV40
proteins derived from cytoplasmically injected virions is
arrested at a low temperature and when cells are energy
depleted. This nuclear transport arrest further corroborates
our previous observation that the nuclear entry of SV40 is
blocked in the presence of NPC-inhibitory reagents (9). The
ability to use NPCs as an entrance to the nucleus is a general
property of the cytoplasmically introduced virus, since the
nuclear accumulation of both viral protein and large T
antigen in nonpermissive NIH 3T3 cells was quite similar to
that in permissive TC7 cells. Using a plaque assay, we have
shown that cytoplasmically injected SV40 is able to repro-
duce and propagate. Since infection by virions exuded from
the needle during the injection was not eliminated in re-
ported experiments (20), an assay for virion propagation 48 h
after cytoplasmic injection could include virions resulting
from virus infection in addition to those resulting from
injection. With inclusion of the SV40-neutralizing antibody
during injection, the ambiguity has now been clarified. The
cytoplasmic introduction of mAb414 effectively blocked
nuclear T-antigen accumulation for up to 8 h of infection but
had very little effect after 12 h of infection. Ultrastructural
studies have revealed SV40 virion particles in the nucleo-
plasm, near the heterochromatic region, near the inner
nuclear membrane, intersecting the nuclear envelope, and in
the NPCs of cells. The presence of virion particles in the
latter two regions was enhanced in transport-arrested cells.
NPCs and adjacent areas were selectively decorated by
anti-Vpl IgG-CGPs, indicating that electron-dense particles
observed in the NPCs contained viral structural proteins.
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The experimental evidence presented here indicates that
cytoplasmically introduced SV40 particles enter the nucleus
through NPCs in a manner analogous to the nuclear trans-
port of NLS-containing karyophilic proteins, as has been
shown in in vitro and in vivo import experiments (7, 13, 33,
34, 39). ATP has been shown to be required for the translo-
cation of signal-containing proteins through NPCs (24, 33,
34, 39); however, whether it is required for the nuclear
import of SV40 particles is not yet known. While it is
consistent with our data that this ATP requirement is related
to the NPC-mediated translocation process, the transport
arrest observed when cells were energy depleted or chilled
could have been due to the inhibition of an earlier, prereq-
uisite step in the cytoplasm. The microinjection approach
would not distinguish between inhibition at the nuclear
transport step and that at this putative earlier step. Since the
presence of the electron-dense particles in NPCs was en-
hanced in transport-arrested cells, our inhibition results are
consistent with our interpretation that the block is at the
nuclear transport step. The nuclear uptake of SV40 would
thus be receptor mediated, analogous to that shown for
NLS-harboring proteins (1, 21, 40, 43, 45).

The pore complex subunits that comprise the octagonal
symmetry (2, 4, 38, 42) were rarely visualized but more often
were not resolved, presumably because of the thickness of
the specimen preparation. The average outer diameter of the
dehydrated TC7 cell NPCs (85.3 + 8.6 nm), as determined
by a surface view of an NPC by thin sectioning after osmium
tetroxide fixation, compares reasonably well with that re-
ported for vertical sections of 3T3-L1 cells (12). This value
for TC7 cells is smaller than that reported for amphibian
oocytes in dehydrated specimens (17, 38, 42) or in specimens
flash frozen in liquid nitrogen (2, 38). NPCs are considered to
be randomly scattered over the nuclear surface, and this
irregularity, together with the topological irregularity inher-
ent to sectioning of cells, appears to have had an effect on
the nearest NPC-NPC distance. Nonetheless, the values for
the nearest NPC-NPC distance and the NPC density, 208.2
+ 67.7 um and 12.5 + 2.9 pores per pm?, respectively, are
also in good agreement with reported values (31).

Feldherr and coworkers (10, 13) have shown that NPCs
appear able to transport large nucleoplasmin-coated CGPs
up to 26 nm in diameter. Akey (3), using functional binding
site mapping studies (4), recently proposed a double-iris
model for passage of the NLS-containing protein molecules.
According to the model, nuclear proteins first bind to the
periphery of the transporter and then move and dock to the
transporter prior to translocation through the NPCs. The
size of an intact virion (approximately 50 nm) is much larger

FIG. 5. SV40 in NPCs. mAb414-coinjected and incubated cells (A, B, and C) or noninjected cells (D) were processed for EM as described
in Materials and Methods. (A) Cross section revealing a double nuclear envelope. Two virion particles (arrows only) are just inside the inner
nuclear membrane, and one particle (arrow with arrowhead) is in an NPC. The nucleus (Nuc) and the cytoplasmic side (Cyt) are marked. (B)
Cross section of a cytoplasmic invagination (Cyt) in the nucleus (Nuc). A particle (arrow) intercepts the nuclear envelope. (C) An area of the
nucleus (Nuc) showing donut-shaped NPCs (arrowheads). Two NPCs contain electron-dense particles (long arrows) in the center of the pores.
On the basis of the overall structure adjacent to the photo shown, the cytoplasm is situated beyond the top and the nucleoplasm is situated
beyond the bottom of the photograph. A mesh-like network invades most of the lower right area, suggesting that this area is just inside the
inner nuclear membrane. The two virion particles seen at the bottom (short arrows) are probably on the inner nuclear membrane side of the
NPCs. (D) Cross section of the NPCs of control cells. Arrowheads show NPCs. (E through I) Enlarged images of NPCs, each showing an
electron-dense virion in the center. (J through L) NPCs without particles. Image L is from a transport-arrested sample, and images J and K
are from panel D. The average diameters of virions in the NPCs and of free virions in the nucleoplasm were measured in eight NPCs like those
marked by long arrows in panel C and in 100 virions like those marked by short arrows in the nucleoplasm in Fig. 4A and panel C. In some
areas in panel D, the NPCs contained, in the center, a very small electron-dense spot whose diameter was 9.7 * 2.1 nm (n = 8), while a
majority of the NPCs were devoid of a spot. Such a spot, presumably a central plug, was distinctly smaller than average virions seen in the
NPCs in panel C. Bars, 100 nm.
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FIG. 6. Immunoelectron micrographs of SV40-injected cells. Cells were prepared for immunoelectron microscopy as described in
Materials and Methods. Saponin was used for permeabilization. Arrowheads indicate NPCs, and arrows indicate 5-nm CGPs in donut-shaped
NPCs. Nuc, nucleoplasm; Cyt, cytoplasm. Bars, 100 nm. (A and C) Vertical sections of nuclear envelopes showing the multiple CGPs on the
cytoplasmic side (Cyt) of all NPCs. (F) Vertical but oblique section showing two gold particles in association with an NPC. (B, D, and E)
Tangential sections of nuclear envelopes showing donut-shaped NPCs and CGPs in NPCs (arrows) or in the vicinity of NPCs. (G and H) CGPs
in the nucleoplasm (Nuc). The virion particles in the nucleus of virion-injected cells were rarely labeled with CGPs. Poor labeling was also
observed in cells permeabilized with Nonidet P-40. (I through M) Enlarged images showing 5-nm CGPs in NPCs. NPCs with CGPs were
selected from those surrounded by more than a few discernible NPC structures. (N through P) Enlarged images of NPCs devoid of CGPs.

than the proposed opening size of the transporter (up to 26
nm) in the double-iris model (3). In this study, we observed
size differences of ca. 10 nm between the diameters of
electron-dense particles in the nucleoplasm (38.2 = 4.3 nm)
and in the NPCs (24.2 = 6.9 nm). The latter diameter is
substantially larger than that reported for the central plug (3,
4, 17, 42). It should be noted that the diameter in the NPCs
was measured from NPC samples showing distinctive elec-
tron-dense particles in the center. For example, an electron-
dense particle (Fig. SE) was distinguished from the sur-

roundings because of the presence, within the donut-shaped
structure (with average outer and inner diameters of 85.3 x
8.6 and 40.2 + 8.5 nm, respectively), of a concentric space
that permitted an electron beam. A dense mass occluding the
NPC would have been less apparent. Thus, the actual size
difference could be smaller than the presented value, and the
observation could be interpreted as an intact virion capable
of passing through an NPC; the NPC, in response to a large
NLS-harboring macromolecule, could undergo a structural
alteration that has yet to be discovered. Alternatively, the
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size difference could implicate a partial dissociation of the
virion particles as they go through the NPCs, and the
observed particles could be dissociated but subassembled
structures that may or may not be devoid of viral DNAs.
Further studies must address the possible molecular mech-
anism of the nuclear entry of SV40 virions through NPCs.
The data shown for the time-dependent interference with
nuclear T-antigen accumulation following SV40 infection by
the antinucleoporin antibody are consistent with our hypoth-
esis that the infecting virions also enter the nucleus through
NPCs. This hypothesis is further supported by our recent
results, in which nuclear T-antigen accumulation was pre-
vented in SV40-infected cells by the cytoplasmic injection of
anti-Vpl or anti-Vp3 IgG (42a). We showed here that
mAb414-injected cells survived the long incubation period
and were viable, as has been shown for another monoclonal
antinucleoporin antibody, RL-1 (11). Although PtK2 cells
microinjected with mAb414 cannot go through the telophase
of the cell cycle (5), the telophase transition should not pose
a problem for our analysis, as infected cells are arrested at
the interphase (41). The results, however, are compounded
by the general inhibitory nature of the antibody; we do not
know whether mAb414 blocked virion nuclear entry, the
subsequent nuclear entry of large T antigen, or a combina-
tion of both. Until we develop a means to selectively and
directly block the nuclear entry of infecting virions, the
question of whether infecting virus enter the nucleus through
NPCs remains unsolved. Identification of the virion NLS
supposedly exposed at the surface of virions, as well as the
study of mutant virions for infection, should contribute to
the understanding of the role of NPCs in viral reproduction.
An intriguing observation was that nuclear large-T-antigen
accumulation could be interrupted for up to 8 h of infection.
The following 4 h were sufficient to target to the nucleus both
infecting virions and the subsequently expressed gene prod-
uct. The time required for virion nuclear entry followed by
T-antigen expression in the infected cells is in good agree-
ment with that observed for cytoplasmically injected virions
(9). The fact that there was very little change in the time
required for nuclear T-antigen accumulation when a few
virions instead of a large number were cytoplasmically
injected indicates that virion copy number has very little to
do with the time required for the detection of the gene
product once virions reach NPCs and additionally supports
the presence of a well-coordinated step that leads to gene
expression. It further implies that the early stage of virus
infection consists of two steps: a slow intracytoplasmic
trafficking step including the virus internalization process
and a relatively fast nuclear entry step. What would slow
intracytoplasmic trafficking of endocytosed virions? First,
selection at the cell surface could lower the number of
virions entering cells; not all virions at the cell surface can be
endocytosed during viral infection, as has been corroborated
in this study as the lack of the detection of Vpl staining as
well as anti-Vpl IgG-CGP in the cytoplasm of infected cells.
With fewer available infectious particles, any obstacle would
greatly lengthen the time required to reach the nucleus.
Second, during infection, plasma membranes enclosing en-
docytosed virions fuse with organelle membranes (23, 25, 30,
32), and this fusion process may entrap virions in the
organelles, reducing the pool of virions enroute to the
nucleus. This interpretation is opposite to the role of the
membrane transport pathway proposed previously for viral
infection (23, 25, 30, 32). In contrast to the reported obser-
vations, we rarely observed virion particles in the nuclear
envelope or in the cytoplasmic organelles in the virion-
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injected cells. Even in the transport-arrested specimens, in
which virion particles were abundant in the cytoplasm, few
electron-dense particles were found (two particles in serial
sections of 15 nuclei) in the intracisternal space of the
nuclear envelope or in cytoplasmic organelles. Contrary to
this scarcity of particles in the envelope, electron-dense
particles were relatively easy to detect in NPCs of the
transport-arrested virion-injected cells. If the virion NLS
plays a role in virion particle passage through an NPC,
endocytosed or organelle-bound virions would have to be
released from these compartments to expose the NLS, thus
delaying the time to reach the reproductive site, or would
remain permanently trapped in these compartments, reduc-
ing the number of particles targeted to the nucleus. We
believe that virion particles do not have a selective mecha-
nism for avoiding entrapment by membraneous organelles
and therefore go through an ineffective and lengthy intracy-
toplasmic trafficking process during viral infection.
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