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SUMMARY

The entry and intracellular transport of Moloney-murine
leukemia virions inside mouse NIH 3T3 cells have been
followed by electron microscopy techniques. Five viral
proteins - matrix (MA, p15), capsid (CA, p30), nucleocap-
sid (NC, p10), integrase (IN), and the envelope glycopro-
tein (SU, gp70) - were located by immunolabeling using
gold probes. After entering the cells, viral particles were
frequently detected inside cytoplasmic vesicles of variable
size. Their viral envelope was apparently lost during intra-
cytoplasmic transport. When the unenveloped viral cores
reached the nuclear membrane or its vicinity, they were

disrupted. Two of theimmunolabeled proteins, NC and IN,
were detected entering the nucleus of non-dividing cells,
where both were targeted to the nucleolus. However, MA
and CA were found only in the cytoplasm. NC isa nucleic
acid-binding protein which contains potential nuclear
localization signals. We suggest that NC could enter the
nucleusas part of a nucleoprotein complex, associated with
IN, and possibly, also with viral DNA.
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INTRODUCTION

The early phase of the retroviral life cycle involves a series of
seguential events starting with the attachment of a virion to a
receptor on the cell surface. Then, viruses are internalized
either by direct fusion of viral and cell membranes at neutral
pH or by an endocytic (pH-dependent) pathway (Andersen and
Nexg, 1983; Marsh and Helenius, 1989; Luciw and Leung,
1992; Ragheb and Anderson, 1994). The entry process releases
the virion core into the cell cytoplasm, where additional
uncoating events take place, and reverse transcription is
initiated (Varmus and Swanstrom, 1982). The proviral DNA,
which can exist in alinear or circularized form, must integrate
into the host chromosomal DNA to complete the infection of
the cell (Luciw and Leung, 1992). Nucleoprotein complexes
with integration activity in vitro, have been isolated from the
cytoplasm of cells acutely infected with murine leukemiavirus
(MuLV) (Bowerman et a., 1989). These integration-
competent complexes have a large molecular mass (sedimen-
tation coefficient: 160 S) and contain viral DNA, as well as
integrase (IN) and capsid protein (CA). Little is known on the
extent of the uncoating process and the fate of the MuLV core
proteins, upon entering the cell.

Immunogold labeling techniques combined with electron
microscopy have shown high resolution and sensitivity for the
visualization of moleculesin viruses and the intracellular envi-
ronment (Carracosa et a., 1986; Gelderblom et al., 1987; Car-
rascosa, 1988; Menéndez-Arias et a., 1992; Risco and Pinto
da Silva, 1995). In this work, we used immunoelectron
microscopy to follow the early events of Moloney-MuLV
infection of NIH 3T3 cells. Specific polyclona antibodies
which recognize theviral proteins MA, CA, NC, IN, and gp70,
were used to follow the fate of these proteins inside the cells.
Our study shows that after disruption of the viral core at the
cytoplasmic face of the nuclear membrane, NC and IN can
enter the nucleus of non-dividing cells, where they accumulate
preferentially at the nucleoli.

MATERIALS AND METHODS

Cells and infections

Uninfected NIH 3T3 cells (American Type Culture Collection CRL
1658) were cultured in Dulbecco’s modified Eagle's medium supple-
mented with 10% donor calf serum (C-DMEM) and maintained at
37°C in a humidified atmosphere containing 5% CO,. TR295E
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cultures, obtained after transfection of CHO cells with a protease-
deficient Moloney-MuLV clone (Fu and Rein, 1993) were provided
by Alan Rein, and grown in 90% o-modified minimum essential
medium, 10% fetal calf serum, in the presence of 0.2 mg/l of G418.
Moloney-MuLV was harvested from NIH 3T3 cells productively
infected with wild-type virus. After centrifugation of culture super-
natants at 140,000 g for 60 minutes at 4°C using a Beckman type 45
Ti rotor, the virus was resuspended in C-DMEM. Infections were
done in 10 cm diameter plates containing around 5x10°% uninfected
(80% confluency) NIH 3T3 cells. An electron microscopy analysis of
these cultures revealed that less than 0.1% of these cells were in
mitosis. Before adding the virus, cultures were maintained at 37°C for
30 minutes in the presence of Polybrene (25 pg/ml). After washing
the monolayers with C-DMEM, the cultures were cooled to 4°C for
15 minutes, and were inoculated with a concentrated virus suspension
(approx. 1010 viral particles/plate). Viral adsorption was carried out
at 4°C for 60 minutes with occasional swirling. Then, cultures were
washed, warmed quickly to 37°C by addition of prewarmed C-
DMEM, and incubated at that temperature for 0, 0.5, 1, 1.5 and 3
hours.

The number of viral particlessml was estimated by electron
microscopy after negative staining with 1% uranyl acetate. This was
done after mixing an aliquot of the viral concentrate at an appropri-
ate dilution with an equal volume of a suspension of latex spheres of
known concentration (2.41x100 particles/ml) and homogeneous size
(0.0910+0.0058 um), obtained from Ernest F. Fullam, Inc. (Latham,
NY).

RT activity of culture supernatants of newly infected cells was
monitored during the following 14 days after infection, using
(dT)15- (A)n as the primer template and Mn?* as the divalent cation
(Poiesz et al., 1980). As expected, significant amounts of RT activity
were already detected 3-5 days after exposure to MuL V.

All the cell lines used in this study were known to be free of
mycoplasma contamination.

Antisera

Immunogold localization of the MuLV proteins MA and CA was
carried out using polyclonal antisera raised against the purified viral
proteins. Goat polyclonal antisera specific for MA and gp70, and
guinea pig antiserum specific for CA were available in our laboratory
from previous studies. Rabbit and guinea pig polyclonal antisera rec-
ognizing the NC protein were rai sed against the synthetic peptides SP-
614 (ATVVSGQKQDRQGGECamide) and SP-1429 (CPRGPRG-
PRPQTSLL), which correspond to the amino- and carboxyl-terminal
regions of NC. These peptides were coupled to keyhole limpet hemo-
cyanin (KLH; Calbiochem) through their cysteine residues by reaction
with mr-maleimidobenzoyl-N-hydroxysuccinimide ester (MBS)
(Pierce). Rabbit polyclonal antiserum recognizing the viral IN was
obtained after immunization with a synthetic peptide whose sequence
corresponds to the IN residues 20-38 (KDLTKLGAIYDKTKKY -
WVY Camide), which was previously coupled to KLH. No cross-reac-
tivity with other viral proteins was observed in western blot assays.

Thin-section electron microscopy for ultrastructural
studies

Virus-treated NIH 3T3 cultures were fixed in situ with 1% glu-
taraldehyde in phosphate buffered saline (PBS) for 1 hour at room
temperature, and then postfixed and processed for Epon-embedding
as previously described (Risco et al., 1994).

Immunoelectron microscopy

Low temperature embedding in Lowicryl K4M

For immunolabeling of viral proteins, infected and uninfected cultures
of NIH 3T3 cellswere washed with C-DMEM and fixed in situ at 4°C
with asolution of 4% paraformaldehyde, 0.1% glutaraldehydein PBS,
for 15 minutes at 4°C. After extensive washing with PBS, the cells

were incubated for 20 minutes with a solution of 0.2 M ammonium
chloride, to block any possible free aldehyde groups that may remain
in the preparations. After two washes of 10 minutes each with PBS,
cells were dehydrated by treatment with 30% ethanol (20 minutes,
4°C) and then with 50, 70, 90% ethanol, and twice with 100% ethanol
(30 minutes, —20°C). Samples were then treated at —20°C with a
mixture of Lowicryl K4M:ethanol (1:1) for 1 hour, Lowicryl
K4M:ethanol (2:1) for 1 hour, followed by an overnight incubation in
100% Lowicryl. After replacing the resin with a fresh one, samples
were kept at —20°C for 8 hours. Finally, the samples were transferred
to capsules and polymerized with ultraviolet light in a Ted Pella UV
criochamber, for two days at —20°C, and one day at room tempera-
ture. Thin-sections of the sampleswere collected in gold grids covered
with Formvar and carbon, and processed for immunolabeling.

Single labeling experiments

Lowicryl thin-sections of NIH 3T3 cells were processed for immuno-
gold labeling as previously described (Menéndez-Arias et al., 1992;
Risco et al., 1991; Risco and Pinto da Silva, 1993). The different steps
of the immunolabeling procedure were carefully adjusted for each of
the antisera in order to obtain maximum labeling with the absence of
unspecific background. Together with conventional immunocyto-
chemical controls, such as the use of non-immune sera and incuba-
tions in the absence of primary antibodies, sections of noninfected
control cells were submitted to the same treatments as sections of
MuLV infected cells in all labeling experiments. Only the immuno-
labeling protocols that rendered a total absence of nonspecific back-
ground in these control cells were considered. In all cases immuno-
labeling was done at room temperature with gentle shaking, starting
with a saturation step to block unspecific binding of the reagents to
the sections. It included a 30 minute incubation with saturation buffer
(PBS containing 0.5 M NaCl, 0.1% bovine serum albumin (BSA), and
0.1% Tween-20), followed by another 30 minute incubation with 5%
non-immune serum. Samples were then floated for 90 minutes on a
drop of the specific primary antiserum, diluted in saturation buffer
(1:100 for rabbit anti-NC antisera, 1:40 for guinea pig anti-NC
antisera, 1:300 for guinea pig anti-CA antiserum, 1:1000 for goat anti-
MA antiserum, 1:8 for rabbit anti-IN antiserum, and 1:30 for goat anti-
gp70 antiserum). After jet-washing with PBS containing 0.5 M NaCl,
grids were floated on four drops of the same buffer and vigorously
shaken for 5 minutes on each drop. A short saturation step was then
applied (10 minutes with saturation buffer, and 10 minutes more with
5% non-immune serum) before a 45 minute incubation with a
secondary antibody (goat anti-rabbit 1gG, rabbit anti-goat 1gG, or goat
anti-guinea pig 1gG), conjugated with colloidal gold of 10 nm. For
labeling IN, a goat anti-rabbit 1gG conjugated with 5 nm colloidal
gold particles was also used. Washing was repeated as before and
grids were then floated on severa drops of distilled water before
staining with a solution of saturated uranyl acetate for 8 minutes. After
washing with distilled water and air drying, samples were studied by
electron microscopy.

Double labeling experiments

For simultaneous localization of two proteins or two regions of the
same protein, we used primary antibodies raised in two different hosts
and secondary antibodies conjugated with gold particles of two
different sizes (5 or 10 nm). Saturation, incubation times with the
different reagents and washing steps were done as described for single
labeling experiments, but the number of steps of the procedure were
adjusted to avoid masking of one antigen by antibodies bound to the
other. When labeling simultaneously both amino- and carboxyl-
terminal regions of NC, samples were incubated with a mixture of the
primary antisera (rabbit anti-SP-614, and guinea pig anti-SP-1429,
diluted at 1:100 and 1:40, respectively, in saturation buffer). The cor-
responding secondary antibodies conjugated with colloidal gold were
also mixed (diluted 1:40 in saturation buffer). When colabeling NC
and CA, double labeling was done in three steps, because when both



Nuclear import of MuLV NC and IN during acute infection 3041

primary antibodies were mixed, the amount of labeling associated
with NC was significantly reduced. Thus, samples were sequentially
incubated with a rabbit antiserum against the amino- or carboxyl-
terminal region of NC (diluted 1:80 in saturation buffer), aguineapig
anti-CA (1:250 in saturation buffer), and a mixture of the corre-
sponding secondary antibodies conjugated with 5 or 10 nm colloidal
gold (diluted at 1:40 each in saturation buffer). Finally when simul-
taneously labeling IN and NC, the procedure was done in four steps,
as integrase had to be labeled first with the corresponding antiserum
and gold conjugate, to avoid masking of this protein by the antibodies
against NC.

RESULTS

MuLV entry and intracellular distribution of viral
proteins in newly infected mouse NIH 3T3 cells

Immunogold and ultrastructural electron microscopy studies
were used to follow MuLV particlesin NIH 3T3 cells shortly
after addition of the virusto the cells. Five of the viral proteins
- NC (p10), CA (p30), MA (p15), IN, and gp70 - were specif-
ically immunodetected in the virions, using polyclonal anti-
bodies raised in different hosts (Fig. 1B-G). All of these
antisera (except the one directed to gp70) also recognized their
respective protein domains in the Gag and Gag-Pol polypro-
teins of immature viruses and budding viral particles observed
in chronically infected NIH 3T3 cells, as well as in TR295E
cultures expressing protease-deficient MuLV (Fig. 1H-J).
Sometimes the gold particles were visualized at a certain
distance from the capsid (Fig. 1D). This is related to the size
of the immunocomplexes and the degree of their extension
during the drying of the section. For example, when using 10
nm gold particles and two immunoglobulin molecules the
distance between gold marker and antigen is about 18-28 nm
(Kellenberger and Hayat, 1991).

We have confirmed that it is difficult to follow the virions
inside the cytoplasm solely by morphological criteria in
sections of EM resins for ultrastructure, as previously reported
(Miyamoto and Gilden, 1971). However, immunogold labeling
of subviral components allowed a precise detection of MuLV

A

Fig. 1. Ultrastructure of murine leukemiavirus
and immunogold localization of its proteins. From
(A) to (G) vira particles from acutely infected
NIH 3T3 cells are shown. (A) shows aviral
particle as observed in Epon sections of samples
fixed with 1% glutaraldehyde. (B-G) show the
detection of viral proteinsin mature virions by
immunogold labeling on Lowicryl sections of
material fixed in mild conditions: (B) CA, detected F

with a guinea pig polyclonal antiserum. (C) MA %

labeled with a goat polyclonal antiserum. (D) NC

labeled with a rabbit antiserum raised against the
amino-terminal region of the protein. (E)

Carboxyl-terminal region of the NC protein, :
labeled with a guinea pig antiserum. (F) IN was Pz
labeled with a rabbit polyclonal antiserum, and k2
appears in a smaller amount due to the lower

in the cytoplasmic environment of the cells visualized in
Lowicryl sections.

Individual MuLV or groups of viruses were incorporated by
NIH 3T3 cellsinside vesicles of variable size (Figs 2 and 3A).
Progressive binding and uptake of virions by the cells were
observed. Thus, the percentage of cells with morethan 5 intra-
cellular viruses (as visualized in thin-sections) increased from
3% in cells incubated with the virus for 30 minutes, to 46%
after 3 hours of treatment at 37°C. However, in the same time
interval, we observed little change in the percentage of cells
having viruses attached to their plasma membrane (from 70%
to 86%), suggesting that binding is fast but intracellular accu-
mulation is slower. Once the virus enters the cell, we observed
the release of some viral particles from the vesicles into the
cytoplasm (Fig. 3B). This process may represent the loss of the
viral envelope by fusion with the vesicular membrane, as a
decrease in diameter (compared to extracellular viruses) is
morphologically obvious in intracytoplasmic virions (their
diameter is approximately 45-65 nm, in contrast to 100 nm for
extracellular viruses). We have also observed the loss of the
immunogold labeling associated with the envelope glycopro-
tein gp70 (SU) in vira particles reaching the cell nucleus.
Thus, 71% of the extracellular and 68% of the intravesicular
viruses were labeled with the anti-gp70 antiserum, but only
20% of the viral particles released into the cytoplasm were
detected with such an antiserum. In addition, we observed a
decrease in labeling intensity. The average number of gold
particles per labeled virus was 2.8 for extracellular and intrav-
esicular virions, and 1.1 for intracytoplasmic cores. Cores
having two associated gold particles were rare (less than 4%).
However, more than 75% of the extracellular and intravesicu-
lar viruses observed contained at least two gold particles. The
virions appear then to reach the nucleus as unenveloped vira
cores that remain basically intact during their transport across
the cytoplasm, as indicated by immunogold labeling of NC,
CA, MA, and IN. The average number of gold particles asso-
ciated with these proteins was similar in extracellular virions
as compared to vira cores close to the nuclear envelope.
Moreover, there was no increase of free gold labeling in the

number of molecules incorporated into virions as compared to gag-encoded proteins. (G) Localization of gp70 (SU), using a goat polyclonal
antiserum. (H) and (1) Detection of NC and CA, respectively, in immature protease-deficient MuLV particles (released by TR295E cultures),
with the antiseraindicated in (D) and (B), respectively. (J) Localization of MA (with the antiserum indicated in C) in an immature virus from
chronically infected NIH 3T3 cultures. Gold conjugates shown in this figure correspond to 10 nm particle size. Bars, 100 nm.
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cytoplasm, which could indicate a release of viral proteins
from disrupted viruses. These facts indicate that no major dis-
ruption of virus structure, or loss of particular proteins occurs.
When reaching the nuclear envelope or its vicinity, the vira
cores are disrupted and lose their structure. Immunogold
labeling showed the presence of viral proteins (e.g. NC) asso-
ciated with these subviral structures located at the interphase
cytoplasm-nucleus (see arrow in Fig. 3C). Two of theimmuno-
labeled MULV proteins were later detected inside the nucleus:
NC and IN.

Release and intranuclear distribution of MuLV NC

Thedisruption of theviral coresat the nuclear envelopeis asso-
ciated with the presence of intranuclear aggregates of NC (Fig.

3C,D). NC-containing complexes seem to enter the nucleus
through the nuclear pores, as labeling associated with NC was
detected in the center and periphery of these structures (Fig.
3E,F). MuLV also reaches the nucleus inside vesicles contain-
ing large groups of vira particles (Fig. 4A,B), similar to those
observed in cellsinfected by the polyomavirus SV40 (Mackay
and Consigli, 1976; Nishimura et a., 1986). In SV40, this
vesicular transport leads to a massive release of viruses into
the nucleus. In case of MuLV, the intravesicular viral particles
appear to be transported to the cytoplasmic side of the nuclear
envelope (Fig. 4B), although we could not obtain any ultra
structural evidence of a release of vira aggregates or capsids
from the vesicles into the nucleus.

After 30 minutes incubation at 37°C, following the addition

e

(arrows) and inside cytoplasmic vesicles (arrowhead). Cells were collected 30 minutes after treatment with MuLV. (B) General view of the
cytoplasm of NIH 3T3 cells 50 minutes after treatment with the virus. A complex system of vesicles and granules (asterisks) characterizes these
cells. In thisenvironment viral particles are clearly identified only when located inside vesicles (arrowheads in mainfield and inset). pm, plasma

membrane; ne, huclear envelope; N, nucleus. Bars, 200 nm.
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Fig. 3. Immunogold visualization of MuLV uptake and intracellular transport. Lowicryl ultrathin sections of NIH 3T3 cells were processed for
immunodetection of NC protein, using arabbit polyclonal antiserum raised towards the amino-terminal region of this protein. NIH 3T3 samples
were obtained 90 minutes after treatment with MuLV. (A) Viruses bound to the plasma membrane (arrows) and inside cytoplasmic vesicles
(arrowhead) can be observed. (B) Vesicles (asterisks) containing viruses are disrupted as the virions exit them (arrows) and are released into the
cytoplasm. (C) Cytoplasmic cores (c) labeled to localize NC are visualized close to the nuclear envelope (ne) as soon as 30 minutes after
incubation with the virus at 37°C, but more often after 90 minutes. Disrupted cores are observed as aggregates of NC-specific label (arrow),
close to the nuclear envelope. Simultaneously, NC aggregates (arrowheads in C and D) can be also detected inside the nucleus, not far from the
nuclear envelope. (E-F) Immunogold detection of NC shows the presence of this protein associated with nuclear pores (np), either in their
center (E, side view) or on their periphery (F, frontal view). N, nucleus; cy, cytoplasm. Bars, 200 nm.
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of the virus to the cell culture, low levels of NC were already
detected inside the nucleus of 10% of the cells, but labeling
became more significant in samples incubated for 90 minutes
at 37°C (Fig. 5). Once inside the nucleus, NC does not spread
in arandom-like pattern all over the nucleoplasm. Labeling in
fibrilar and granular regions of nucleoli is clearly detected in
the 60 and 90 minute treatments at 37°C (Fig. 4C,D). After 3
hours, more than 50% of the cells present more NC in nucleoli
than in the rest of the nucleus (Fig. 6A). Around 80% of the
cellswere found to contain NC in their nuclel 10-14 days later,
when cells were found to be chronically infected. Intranuclear
NC-containing aggregates are depicted by fewer gold particles
than extracellular virus or cytoplasmic cores (Fig. 6B). Thus,
while more than half of the viruses presented 4-6 10 nm gold
particles associated with NC, numerous intranuclear aggre-
gates (62.5%) presented only 3 particles. These data revea
major changes in NC containing structures when entering the
nucleus. In fact, these NC aggregates frequently exhibited a
linear or ring-like organization inside the nucleus (Fig. 6B,
micrographs c-e). It has been proposed that the retroviral
protease cleaves the NC protein at its zinc-finger domain in the
early stages of the viral replication cycle, and that this cleavage
may be crucial for virus infection (Roberts et al., 1991; Nagy
et al., 1994). Antibodies against the amino- and carboxyl-
terminal regions of NC showed both the same intranuclear dis-
tribution of the protein, with preferentia location of NC in
nucleoli. Simultaneous immunogold labeling using both
antisera showed the presence of both antigens inside the
nucleus, where they reached the same nucleoli (Fig. 4E). Colo-
calization of the amino- and carboxyl-terminal regions of NC
was observed in around 55% of the viral particles found
outside the cell and in the cytoplasm. However, the percentage
of intranuclear aggregates showing colocalization of both
antigens was remarkably lower (around 10%). This dramatic
decrease could be due to conformational changes affecting NC,
binding of cellular proteins, or more possibly, to major ater-
ations in the composition of the viral complexes upon entering
the nucleus. These results are al so consistent with the proposed
NC cleavage during the early phase of the virus life cycle.

Fig. 4. Massive arrival of intravesicular MuLV to the nucleus and
intranuclear distribution of NC. (A) Vesicles (asterisks) filled with
viruses (labeled with a rabbit antiserum specific for the amino-
terminal region of NC) are shown approaching the nucleus.

(B) When the vesicles are close to the nuclear envelope (ne) the
virions move towards the nucleus (N). (C) Discrete aggregates of NC
(here labeled with a guinea pig antiserum specific for the carboxyl-
terminal region of the protein) are detected (arrowhead) in nucleoli
(Nu) of virus-treated cells, mainly 60 or 90 minutes after the
incubation with MuL V. (D) Scattered and more intense |abeling
(here NC was labeled with arabbit antiserum recognizing its amino-
terminal sequence) is usually associated (small arrows) with either
fibrilar (f) or granular (g) zones of the nucleolus after 90 minutes and
3 hours. (E) Double labeling of both amino and carboxyl-terminal
regions of NC shows that both can be simultaneously visualized in
extracellular viruses (v) and intracytoplasmic cores (inset) with
different gold particle sizes (5 nm for the amino- and 10 nm for the
carboxyl-terminal region). Their co-presence is also detected inside
the nucleus, where they reach the same nucleoli. Arrowheads point
to 5 nm gold particles. pm, plasma membrane. Bars: 200 nm (80 nm
for theinset in E).

Cells (%)
N
o

0 0.5 1 1.5 3
Time (h)

Fig. 5. Immunogold detection of NC and IN in a population of NIH
3T3 cellstreated with MuLV for 0, 30, 60, 90 minutes and 3 hours at
37°C. The percentages of cells with significant labeling in the
nucleus (defined as those cells having more gold particlesin their
nucleus than in their cytoplasm) were calculated for NC (open bars)
and IN (filled bars), at the times indicated. From 30 to 45 cells were
counted for each protein and incubation time.

Release and intranuclear distribution of MuLV IN

The amount of IN present in the virion is low in comparison
to the other viral proteins studied (Fig. 1), asaresult of the dif-
ferences in expression between the MuLV polyprotein precur-
sors Gag and Gag-Pol (Luciw and Leung, 1992). IN was
labeled using the correponding antiserum and a smaller gold
probe (5 nm), to increase the sensitivity of the method (Fig. 7).
This yielded an average of 3-5 gold particles per virus in
around 50% of the viral particles, as compared with 1-2 gold
particles in less than 30% of the viruses when using the 10 nm
gold. IN was detected by immunogold labeling in viral cores
during their cytoplasmic transport (Fig. 7A). Although the total
amount of labeling was lower than with NC due to quantity
limitations, intranuclear distribution of IN was similar to that
described for NC both in pattern and in its time-course (Fig.
5). IN-containing aggregates, that frequently presented alinear
shape as observed for intranuclear NC, were detected in the
nucleoplasm (Fig. 7A,B) as well as in nucleoli (Fig. 7C),
mainly after incubation for 90 minutes and 3 hours with MuLV
at 37°C. Immunogold colabeling of IN and NC (Fig. 7D) was
obtained in 17% to 20% of the MuLV virions. At the intranu-
clear level, both proteins were simultaneously detected in
nucleoli (Fig. 7E) athough clear colocalization discrete spots
were less frequently observed (approximately 10% of the
intranuclear aggregates) (Fig. 7F-H). This is probably due to
differences in reactivity of the IN and NC antisera, and to dif-
ferences in the number of IN and NC molecules available for
binding by the corresponding antibodies. Our results on the
degree of apparent colocalization of NC and IN were similar
using antisera recognizing either the amino or the carboxyl-
terminal regions of NC.

Immunolocalization of MA and CA

Although severa antibodies against MA and CA can success-
fully label extracellular MuLV particles and intracytoplasmic
cores, no detectable amounts of these two proteins were visu-
alized inside the nucleus, at any of the timestested (Fig. 8A,B).
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Fig. 6. Progressive intranucleolar accumulation of NC and IN and size variation in NC-containing aggregates after entering the nucleus.

(A) The percentage of cells with more labeling of NC (open bars) or IN (filled bars) in nucleoli than in nucleoplasm (defined as those having a
larger number of gold particlesin their nucleoli than in their nucleoplasm) is shown at different incubation times. (B) The number of 10 nm
gold particles associated with NC in intracellular virions (open bars) and in intranuclear aggregates (filled bars) is expressed as percentage of
NC-containing structures with a particular number of associated gold particles. Micrographs a,b correspond to immunogold detection of NC in
virions, and c-e to intranuclear NC-containing aggregates as visualized by immunolabeling with 10 nm (a, ¢ and d) or 5 nm (b,e) colloidal gold
particles. Ring-like (c) or linear (d and €) arrangement of the gold particles in intranuclear aggregates is frequently observed. In (A) from 30 to
45 cells were counted for each protein and time of treatment. In (B) 270 intracellular virions and 219 intranuclear NC aggregates were counted.

Bars, 50 nm.

Double immunogold labeling of CA and NC showed that only
NC is localized inside nuclei while gold particles associated
with CA remained in the cytoplasmic cores (Fig. 8C). Both
proteins are clearly co-labeled in extracellular viruses and
intracytoplasmic viral particles (Fig. 8C, insets).

DISCUSSION

Immunoel ectron microscopy is a powerful technique to follow
viral uptake and intracellular changes in viral structures. Our
results with MuLV revealed that once inside the cells, the
virions that reach the nucleus were apparently devoid of their
envelope but remained as intact cores. These viral capsids
appear to be rather stable in the cytoplasmic environment, in
contrast to HIV cores, which are disrupted shortly after fusion
with the plasma membrane (Grewe et al., 1990). MuLV intra-
cytoplasmic cores contained similar amounts of MA, CA, NC
and IN to those in the capsids of extracellular virions, as
estimated by immunogold labeling. Interestingly, the MuLV
preintegration complexes isolated from the cytoplasm of
acutely infected cells were shown to contain the viral proteins
CA and IN, and had a relatively large size in comparison to
ribosomes (Bowerman et al., 1989). However, their apparent
sedimentation coefficient (160 S) was smaller than that
reported for MuLV mature cores (350 S), by Y oshinaka and
Luftig (1977). Our immunoel ectron microscopy study suggests
that they could be atered or partially disassembled viral
capsids. MuLV cores were frequently observed in the

cytoplasm, in the proximity of the nuclear membrane, and
close to nuclear pores, but never in the nucleoplasm. Nuclear
import of NC and IN was detected soon after exposure of the
cells to the virus, while MA and CA were aways found only
in the cytoplasm.

Mitosisis known to be essential for integration in oncoretro-
viruses (Hajihosseini et a., 1993; Lewis and Emerman, 1994,
Roe et al., 1993), but not for HIV which can infect non-
dividing cells (Lewis et a., 1992). The differences between
MuLV and HIV have been explained by either proposing the
existence of ‘licensing’ factors (proteins whose nuclear vs
cytoplasmic distribution is cell cycle-regulated), or assuming
that the large size of the MuLV preintegration complexes

Fig. 7. Immunogold labeling of IN. (A-B) A rabbit polyclonal
antiserum and a secondary antibody conjugated with 5 nm colloidal
gold revealed the location of IN in intracellular virions (v) and inside
the nucleus (N). Intranuclear IN aggregates (arrowsin A and B)
frequently have alinear shape. (C) Labeling corresponding to IN was
also localized in nucleoli (Nu) of cellstreated with the virus (here, 90
minutes after treatment). Small (arrow) and bigger (arrowhead)
groups of gold particles can be seen. (D) Double labeling of IN (5
nm) and NC (10 nm) is observed in the viral particles (arrow).

(E) Inside the cells treated with the virus, NC and IN can be detected
in thefibrilar (f) and granular (g) regions of the nucleoli, athough
intranuclear colocalization spots (F-H) are occasionally detected. In
micrographs D-H, NC was labeled with a guinea pig antiserum
recognizing the carboxyl-terminal region of NC and a 10 nm gold
conjugate, while IN was visualized with 5 nm gold particles
(arrowheads). ne, nuclear envelope. Bars, 100 nm.
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Fig. 9. Amino acid sequence of Moloney-MuLV 10
NC, showing the location of lysines and arginines
(bold), the potential nuclear localization signals
(NLS), and the zinc-finger matif.

would prevent them from entering the nucleus, an event which
could take place after breakdown of the nuclear membrane
during mitosis (Roe et al., 1993). Nevertheless, electron
microscopy studies have demonstrated that large viral particles
(i.e. SV40; mean diameter, 50 nm) can enter the nucleus
through the nuclear pores (Y amada and Kasamatsu, 1993), or
after fusion of the endosomal membrane with the nuclear
envelope (Mackay and Consigli, 1976; Nishimuraet al., 1986).
Transport through the nuclear pore occurs by an ATP-
dependent process which requires a specific nuclear localiza-
tion signal (Gerace, 1992). These signals are usually formed
by short basic sequence motifs (Garcia-Bustos et al., 1991),
and have been found in several proteins of DNA viruses
(Kalderon et al., 1984; Lyons et al., 1987), aswell asin retro-
viral trans-activating proteins, such asHIV-1 Tat and Rev, and
HTLV-1 Rex (Cullen et al., 1988; Kubota et al., 1991; Siomi
et al., 1988). Bukrinsky et al. (1992) have shown that HIV-1
preintegration complexes enter the nucleus by an ATP-
dependent process, which appears to be mediated by a nuclear
localization signal found in MA (Bukrinsky et al., 1993).
Nuclear targeting signals have not been experimentally identi-
fied in MuLV proteins, athough we could detect NC and IN
associated with the nuclear pores. Both proteins are basic, but
afunctional IN does not appear to be arequirement for nuclear
localization of retroviral DNA since IN deficient mutants of
MuLV direct the formation of al nuclear forms of viral DNA
(Schwartzberg et al., 1984). On the other hand, NC contains
potential nuclear localization signals, at positions 16-18 and
41-50, adjacent to the zinc-finger motif (Fig. 9). Interestingly,
replacement of these basic residues by neutral ones did not
impair Moloney-MuLV assembly, production and maturation
in vivo, but the obtained viruses were poorly infectious
(Housset et al., 1993), suggesting their involvement in events
occurring during the early phase of the virus life cycle. Our
results do not prove that NC and IN are transported into the
nucleus as part of the same complexes, since immunogold
colabeling of NC and IN was occasionally observed even in
single mature vira particles. However, both proteins share the
same entry pathway and appear to be directed to the same
intranuclear compartments. This suggests that they could be
cotransported inside the nucleus. In addition, NC and IN

Fig. 8. Immunogold labeling of CA (A) and MA (B) in cells treated
90 minutes with MuLV. Labeling can be seen in extracellular and
intracellular virions (v), as well as associated with viral remains at
the nuclear envelope (inset in A), but a detectable amount of these
two proteins was never seen inside the nucleus. (C) Simultaneous
localization of NC and CA shows that in cells treated 90 minutes
with MuLV only the NC protein (here labeled with arabbit
antiserum against the amino-terminal of the protein and 5 nm gold
particles) enters the nucleus (arrows), while CA (detected with a
guinea-pig antiserum and 10 nm gold particles) remains associated
with cytoplasmic viral structures (arrowheads and inset ‘b’). Inset ‘&
shows double labeling of CA and NC in an extracellular virion. N,
nucleus; Nu, nucleolus; ne, nuclear envelope. Bars: 200 nm; inset in
A, 75nm; inset ‘@ in C, 120 nm; inset ‘b’ in C, 150 nm.

20 30 40 50
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NLS Zinc-finger motif NLS

contain zinc-finger motifs, which are likely to be involved in
viral nucleic acid binding (Bushman et a., 1993; Gorelick et
al., 1988; Khan et a., 1991; Méric and Goff, 1989). The linear
arrangement of the immunogold label associated with NC and
IN inside the nucleus, could reflect the interaction of these
proteins with extended forms of viral DNA inside the nucleus.
Nevertheless, until we develop a method to simultaneously
detect specific viral DNA and associated proteins at the EM
level, the question of whether these structures are indeed prein-
tegration complexes remains unsolved.

Our immunoel ectron microscopy study also reveals that NC
and IN are both targeted to the nucleoli of NIH 3T3 cells. Other
retroviral proteins, such as HIV Rev and HTLV Rex are also
targeted to the nucleolus with the participation of specific
nucleolar localization signals (Cullen et al., 1988; Kubota et
al., 1991; Siomi et al., 1988). These signals are recognized by
a mammalian nuclear shuttle protein known as B23, which
binds specificaly to HIV-1 Rev (Fankhauser et al., 1991) and
HTLV-l Rex (Adachi et a., 1993). B23, as well as other
nucleolar shuttle proteins, play an important role in ribosome
biogenesis, through its involvement in the nucleocytoplasmic
transport of ribosomal components (Borer et al., 1989; Nigg et
al., 1991).

Thebiological relevance of all observationsis compromised
by the difficulties of distinguishing between an infectious and
a noninfectious particle. It is possible that most of the deen-
veloped viruses found in the cytoplasm of newly infected cells
will not actively participate in infection. However, those NC-
and IN-containing particles that enter the nucleus are likely to
be involved in this process. Nevertheless, further studies will
be necessary to assess the significance of the new findings
obtained in this report, such as the nuclear import of the nucle-
ocapsid protein during retroviral infection and the targeting of
NC and IN to the nucleolus.

We express our gratitude to Pat Wesdock and Suzanne Specht for
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tions. The content of this publication does not necessarily reflect the
views or policies of the Department of Health and Human Services,
nor does mention of trade names, commercia products, or organiz-
ation imply endorsement by the U.S. Government. Research
sponsored in part by the National Cancer Institute, DHHS under
contract No. NO1-CO-74101 with ABL.
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