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The amounts of simian virus 40 structural polypeptides Vpl, Vp2, and Vp3 in different subcellular
fractions at various times after lytic infection were determined by a quantitative immunoblotting procedure.
Simian virus 40-infected cells were lysed with a buffer containing Nonidet P-40 to yield a soluble fraction.
The Nonidet P-40-insoluble fraction was further fractionated in the presence of deoxycholate and Tween 40
to yield a soluble fraction (cytoskeletal) and an insoluble fraction (Nuc), which is primarily cell nuclei. At 33
h postinfection, the majority of viral structural proteins was found in the cell nucleus, whereas, at 48 to 65 h
postinfection, Vpl was distributed evenly among all cell fractions and Vp2 and Vp3 were found
predominantly in the cytoskeletal and Nuc fractions. Thus, not all of the viral polypeptides synthesized in
the cytoplasm migrated into the cell nucleus. Throughout infection, the molar ratio (Vp3/Vp2) was rather
constant in all subcellular fractions, indicating that the synthesis or processing or both of Vp2 and Vp3 are
coordinately regulated. The molar ratio of Vpl/(Vp2 + Vp3) varied among the fractions. The Vpl/(Vp2 +
Vp3) molar ratio in the soluble fraction varied during the course of infection; however, constant ratios were
maintained in the cytoskeletal and Nuc fractions. Thus, the mechanism which controls the movement of
Vpl to different compartments of the cell appears to be different from that of Vp2 and Vp3. The Vpl/(Vp2 +
Vp3) value in the Nuc fraction was similar to the ratio found in virus particles. The constant molar
distribution of Vpl, Vp2, and Vp3 in the Nuc fraction throughout infection suggests that there is a specific
mechanism which regulates the transport of viral structural proteins. These results support the hypothesis
that the structural proteins of simian virus 40 are transported into the cell nucleus in precise proportions.

Very little is known about the mechanism of polypeptide
transport into the cell nucleus. The synthesis of proteins
takes place in the cell cytoplasm, and the newly synthesized
proteins are transported to the nucleus across the nuclear
envelope. There seems to exist a specific transport mecha-
nism for nuclear proteins which may be uncoupled to protein
translation, since isolated nuclear proteins, both histone and
nonhistone proteins, that are injected into the cytosol of cells
migrate into the cell nucleus (3, 4, 13, 14, 22, 46). The
possible mechanisms can be studied by using simian virus 40
(SV40)-infected cells, since viral structural polypeptides are
transported into the cell nucleus for assembly into virus
particles.
The genome of SV40 is a circular DNA molecule with ca.

5,200 nucleotides (16, 47). The double-stranded circular
DNA is associated with four histones, H2A, H2B, H3, and
H4 (35, 42), and this nucleoprotein complex is packaged in a
capsid constructed from the virus-coded polypeptides Vpl,
Vp2, and Vp3 (1, 19). Tryptic peptide analyses have shown
that Vp2 and Vp3 share common tryptic fragments (18, 21,
43) and that Vp2 contains the entire Vp3 polypeptide chain at
the C-terminal region (11, 48). It has been postulated that the
structure of a virion particle is an icosahedron arranged with
72 capsomers, of which 12 are penton subunits and 60 are
hexon subunits (1, 7, 10, 15, 23). As early as 15 h after
infection, the viral capsid proteins can be detected by gel
electrophoresis of cell extracts labeled with radioactive
amino acids (2, 17, 30, 39, 55). These polypeptides are
metabolically stable (30, 40, 55) and have been shown to be
synthesized at a similar rate in the late phase of productive
infection and transported to the nucleus rapidly after their
synthesis (51).

* Corresponding author.

By using polyclonal antisera to Vpl and Vp3, the cellular
location of viral antigens was compared for wild-type and
mutant virus-infected cells by immunofluorescence (26, 27).
Our study showed that several mutations within the coding
sequence of Vpl alter the subcellular localization of Vp2 or
Vp3 or both (27). Thus, we have postulated that Vpl is
involved in the transport of Vp2 or Vp3 or both from the
cytoplasm to the nucleus for virus assembly (27). It has been
shown that 8S soluble particles, which are composed of
about six Vpl polypeptides, exist in infected cells and that
Vpl polypeptides are rapidly assembled into virus particles
(40). Therefore, one possible model for the effect of Vpl on
the intracellular localization of Vp2 or Vp3 or both is as
follows. First, newly synthesized Vpl polypeptides form an
8S particle, complex I, of (Vpl), (n = 5 to 6). Second, one
molecule of Vp2 or Vp3 or both is complexed to the 8S
particle to form complex II, (Vp1)n:Vp2 or (Vp1),:Vp3.
These complexes are transported to the cell nucleus for
assembly of newly made viral DNA and host histones into
mature virions. At the restrictive temperature, the mutant
Vpl has an altered configuration which interacts differently
with other Vpl polypeptides or with a Vp2 polypeptide, a
Vp3 polypeptide, or both thereby affecting their transport. If
the transport of viral structural polypeptides occurs in the
form of a complex as proposed above, the molar ratio of
structural proteins in the nucleus should be constant, inde-
pendent of the changing total amounts of Vpl, Vp2, and Vp3
in the cell during the course of infection.

In procaryotic systems, the structural proteins of bacterio-
phages are synthesized in precise proportions in infected
cells (44, 45). Structural proteins of animal viruses are also
required in precise proportions with respect to each other in
virion assembly. Furthermore, the site for virus assembly in
eucaryotic cells is confined to different compartments of
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cells in a virus-specific manner. The assembly of SV40 takes
place in the cell nucleus (20), thus the individual viral
polypeptides which are synthesized in the cell cytoplasm
must be transported to the cell nucleus for virus assembly.
The ratio of structural protein may be regulated at: (i) the
level of protein synthesis; (ii) the level of their transport to
the site of assembly, i.e., the cell nucleus; or (iii) the level of
assembly.
As an approach towards the understanding of the mecha-

nism involved in the regulation of the viral structural protein
transport, we have quantitated the amount of viral polypep-
tides in the soluble (Sol), cytoskeletal (Csk), and nuclear
(Nuc) fractions of virus-infected cells, using polyclonal
antisera and a quantitative immunoblotting technique (5, 36,
54). We believe that this is the first quantitative study of the
viral structural proteins throughout viral infection.

MATERIALS AND METHODS
Cells and virus. The cells used in these studies were TC7

cells, a subline of African green monkey kidney cells. Cells
were cultured in 100-mm dishes (Miles Laboratories, Inc.)in
Dulbecco modified Eagle medium supplemented with argi-
nine-hydrochloride (0.3 mg/ml), glutamine (1.5 mg/ml), histi-
dine-hydrochloride (20 ,g/ml), glucose (5 mg/ml), and 10%
(vol/vol) fetal calf serum (Irvine Scientific). Wild-type SV40,
strain 776, was obtained by two cycles of plaque purifica-
tion. Stock SV40 lysate was prepared from infected cultures
10 to 15 days postinfection (p.i.) by three cycles of freeze-
thawing. For our studies, subconfluent cultures of TC7 cells
were infected at a multiplicity of infection of ca. 5. Cells
were infected with virus for 1.5 h at 37°C and then overlaid
with culture medium containing 3% fetal calf serum and (per
ml): 125 ,ug of streptomycin sulfate, 31.25 ,ug of kanamycin,
250 ,ug of n-butyl p-hydroxybenzoate, and 625 U of penicillin
G. Virus particles were purified as described previously (29)
and were kept at the concentration of 1 mg/ml at -20°C in
small portions in Laemmli sample buffer (31).

Cell counting. The number of cells per plate was deter-
mined either by direct counting in a hemacytometer after
trypsinization of cells or by photomicrographic measure-
ments. For photomicrographic measurements, micrographs
of three randomly selected fields of each plate of cells were
obtained before cell fractionation. The micrographs were
taken with a Vario-orthomat camera (Leitz/Opto-Metric
Div. of E. Leitz Inc.) attached to an Orthoplan microscope
equipped with a X10 phase objective. The projected area
of the culture plate on the micrograph was determined from
the micrographs of a micrometer (Leitz) photographed at the
same magnifications. The number of cells in each micro-
graph of known area was counted, and the average obtained
from the three fields was used to calculate the number of
cells in each plate at different times after infection.

Subcellular fractionation. Cells from both uninfected and
infected cultures were fractionated into Sol, Csk, and Nuc
fractions as previously described (8, 41) with some modifica-
tions. After removal of the medium from the culture dishes,
the cells were washed twice with TD (1 mM sodium phos-
phate [pH 7.4], 0.14 M NaCl, 5 mM KC1, 25 mm Tris-
hydrochloride) warmed to 37°C. All subsequent isolation
steps were performed on ice. The cells were lysed on 100-
mm culture dishes with 0.5 ml of TSCM lysis buffer (10 mM
Tris-hydrochloride [pH 7.2], 1 mM CaC12, 1mM MgCl2, 250
mM sucrose, 1% Nonidet P-40, 1 mM phenylmethylsulfonyl
fluoride) for 3 min on ice. As much of the solubilized cellular
material as possible was removed with a pipette, and the
insoluble material remaining on the culture dish was scraped

off with a rubber policeman. The remaining soluble superna-
tant was removed after low-speed centrifugation at 2,000 x
g, and the combined TSCM-soluble material was designated
as the cytoplasmic soluble fraction (Sol). The insoluble
material contains both nucleus and cytoskeletal compo-
nents. The pellet was resuspended with RSB buffer (10 mM
Tris-hydrochloride [pH 7.2], 10 mM NaCl, 1.5 mM MgCl2, 1
mM phenylmethylsulfonyl fluoride), and Tween 40 and
deoxycholate were added to final concentrations of 1 and
0.5% in 0.25 ml, respectively. The suspension was homoge-
nized by 10 strokes in a Dounce homogenizer equipped with
a B-pestle (Kontes Co.). The integrity of the nuclei was
monitored by light microscopy. Low-speed centrifugation
(2,000 x g) separated the solubilized cytoplasmic Csk frac-
tion from the insoluble Nuc fraction, which consisted
mainly of nuclei (6, 50). Protein fractions were prepared for
sodium dodecyl sulfate (SDS)-gel electrophoresis and im-
munoblotting as described below.

Protein determination. The amount of protein in each of
the Sol, Csk, and Nuc fractions from different times after
infection was determined by the method described by Lowry
et al. (37).

Antiserum preparation and characterization. Antisera
against SDS-denatured SV40 viral polypeptides Vpl or Vp3
were obtained from New Zealand White rabbits immunized
by intradermal and subscapular injections. Preparation of
the immunogens, immunization regimen, serum preparation,
and characterization have been described previously (26).

SDS-polyacrylamide gel electrophoresis and immunoblot-
ting. Protein samples in 50 mM Tris-hydrochloride (pH 6.8)-
10 mM dithiothreitol-2% SDS-10% glycerol-0.001% bromo-
phenol blue were boiled for 3 min and applied to SDS-
polyacrylamide gels prepared by the method of Laemmli
(31). After electrophoresis, the gels were applied to 0.1-,um
(Schleicher & Schuell, Inc.) or 0.45-,um (Sartorius Filters,
Inc.) nitrocellulose membranes, and the separated polypep-
tides were transferred to nitrocellulose as previously described
(36). After electrophoretic transfer, the nitrocellulose repli-
cas were incubated with 0.25% gelatin (Sigma Chemical Co.)
in buffer A (0.05 M Tris-hydrochloride [pH 7.4], 0.15 M
NaCl, 0.1% sodium azide) for 45 min at 37°C. The nitrocellu-
lose sheets were then sealed in plastic bags containing a
1:400 dilution of anti-Vpl or a 1:200 dilution of anti-Vp3 for
the detection of Vpl or Vp2 and Vp3, respectively. The
replicas were incubated in antiserum for 13 to 16 h at room
temperature on a rotator and washed extensively with three
to five changes of buffer A for ca. 1 to 2 h. We noted that the
contaminating anti-Vpl activity in our anti-Vp3 serum was
enhanced with -increased reaction time (see below). Al-
though the presence of the anti-Vpl activity in anti-Vp3
serum did not influence the computation of the amount of
Vp2 or Vp3, the length of the incubation time with anti-Vp3
was controlled and did not exceed 16 h. We interpreted this
as differences in the binding constant between the anti-Vpl
and anti-Vp3 activities. The nitrocellulose membranes were
then transferred to buffer A containing 0.25% gelatin for 10
min, and 125I-labeled protein A was added to ca. 2 x 105
cpm/ml. After 45 min of incubation, the unbound 125I-protein
A was removed by washing with three to five changes of
buffer A for ca. 1 to 2 h. The membranes were blotted dry
between sheets of 3MM (Whatman, Inc.) paper and exposed
to X-ray film (XAR-5, Eastman Kodak Co.), using an
intensifying screen (Quanta II; Du Pont Co.). For determina-
tion of relative mobilities (relative molecular weight [MJ),
marker polypeptides labeled with 1251 were electrophoresed
with protein samples and blotted to nitrocellulose. Marker

J. VIROL.



CELLULAR DISTRIBUTION OF SV40 PROTEINS 365

polypeptides and protein A were iodinated by the chlora-
mine-T method described by Hunter and Greenwood (24),
except that the reaction was quenched with 0.4 mg of
tyrosine per ml instead of sodium metabisulfite. The specific
activity of the '25I-labeled polypeptides was ca. 3 x 106 cpm/
'lg.

Quantitation of viral antigens. The amounts of individual
viral polypeptides in cell fractions were determined either by
counting the amount of 125I-protein A which was bound to
the antibody-antigen complex on immunoblots, using the
Beckman 7000 gamma counter, or by densitometric analysis
of the antigen bands detected by autoradiography. The
antigen bands on protein blots detected by autoradiography
were scanned with a double-beam recording microdensitom-
eter (MK IIIC; Joyce, Loebl, and Co., Ltd.). Different
exposures of the same blots were obtained, and the ones
used for densitometer scanning did not have bands whose
intensity exceeded the linear range of film response. For the
quantitation of the areas of the curves from the densitometer
tracings, the information was entered into a Tektronix 4954
digitizing tablet. The data were then transferred directly to
an IBM 3033 computer and analyzed. The radioactivity in or
area of antigen bands in lanes contain known amounts of
viral polypeptides (see below) served as standards for the
calculation of the amount of viral antigens in the samples on
the same blot.

RESULTS
Specificity of polyclonal antisera. The specificity of poly-

clonal anti-Vpl and anti-Vp3 sera was examined by an
immunoblotting technique (Fig. 1). SV40 virions were dis-
rupted by SDS, and the virion polypeptides were separated
by SDS-polyacrylamide gel electrophoresis and transferred
to nitrocellulose membranes. Nitrocellulose replicas con-
taining different concentrations of virion protein were react-
ed with either anti-Vpl or anti-Vp3.
The 44-kilodalton (KD) polypeptide, which is the major

virion polypeptide, Vpl, was readily detectable in 8 ng of
virion protein with a 1:400 dilution of anti-Vpl. Thus, as
little as 6 ng of Vpl was detectable, assuming that viral
polypeptides were quantitatively transferred to nitrocellu-
lose. In gel lanes containing 56 and 80 ng of virion protein
(Fig. 1, lanes 4 and 5), Vpl-related antigens of 110, 103, and
90 KD were detected. At virus concentrations above 80 ng,
additional Vpl-related antigens having Mrs of 50,000 (50K),
39K, 36K, 33.5K, and 19.5K were also detectable (data not
shown; see below). Immunoblots containing between 240
and 1,040 ng of SDS-disrupted virion polypeptides showed
that anti-Vp3 reacted with the 37-KD (Vp2) and 28-KD (Vp3)
polypeptides (Fig. 1, lanes 6 through 10). Vp3 was detected
in 240 ng of virion protein, although other experiments
showed that Vp3 is detectable in as little as 100 ng of virion
protein. More than 300 to 400 ng of virion protein was
needed for the detection of Vp2. Thus, ca. 10 ng of either
Vp2 or Vp3 antigen is detectable with a 1:200 dilution of anti-
Vp3, using this method. We see that a 44-KD antigen, which
has the same Mr as virion Vpl, immunoreacted with anti-
Vp3. Immunoblots of disrupted virion polypeptides separat-
ed by two-dimensional isoelectric focusing gels described by
O'Farrell (38) showed that the 44-KD antigen comigrated
with Vpl and possesses identical isoelectric points (data not
shown). Since the 44-KD antigen was detected in lanes with
more than 560 ng of virion protein, of which 420 ng was Vpl,
the anti-Vpl activity in the anti-Vp3 serum is small.

Quantitation of Vpl and Vp3 polypeptides by immunoblot-
ting technique. The amounts of 44-KD (Vpl) and 28-KD

(Vp3) polypeptides were examined by densitometric tracing
and 121I counts in the antigen bands detected by autoradiog-
raphy (Fig. 2). By both methods of quantitation, in both 3.5
to 120 ng of Vpl (Fig. 2A) and 12 to 60 ng of Vp3 (Fig. 2B),
the amount of bound antibody and 125I-protein A is directly
proportional to the amount of antigen immobilized on nitro-
cellulose. The amount of bound antibody and 125I-protein A
was off by ca. 40% when bands containing 240 to 350 ng of
Vpl were immunoblotted. In a separate experiment, up to
100 ng of Vp3 was quantitatively measured by this method.
The effect of protein overloading on the detectability of

viral antigens was also tested. A constant amount of viral
protein (400 ng) was coelectrophoresed in the presence of
increasing amounts of soluble protein isolated from uninfect-
ed cells (up to 320 ,ug), and the viral polypeptides were
blotted to nitrocellulose and reacted with anti-Vp3. The 125I
counts in Vp2 and Vp3 bands detected in lanes which
included up to 320 ,ug of uninfected soluble protein were
identical to those from a lane with virion protein only (data
not shown). Thus, viral antigens in cellular fractions contain-
ing up to 320 ,ug of protein can be quantitated by extrapola-
tion from standard curves from virion polypeptides detected
on the same immunoblot.
Change in the protein content of subcellular fractions of
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FIG. 1. Detection of viral polypeptides by immunoblots. In-
creasing amounts of SDS-disrupted virions were separated by SDS-
polyacrylamide gel electrophoresis and transferred to a 0.1-p.m
nitrocellulose membrane by electrophoresis at 150 mA for 2 h,
followed by electrophoresis for 10 h at 80 mA. The sheets of
nitrocellulose were reacted either with a 1:400 dilution of anti-Vpl
or a 1:200 dilution of anti-Vp3 sera, then reacted with 2 x 105 cpm of
125I-protein A per ml, and exposed to X-ray film (see the text). The
amount of disrupted viral protein in each lane is: 1, 8 ng; 2, 16 ng; 3,
32 ng; 4, 56 ng; 5, 80 ng; 6, 240 ng; 7, 400 ng; 8, 560 ng; 9, 800 ng; and
10, 1,040 ng. The amount of Vpl, Vp2, and Vp3 in the virion capsids
was determined by planimetry on Coomassie blue-stained polypep-
tide bands, using bovine serum albumin polypeptide bands of known
concentration as standards. In our preparations, Vpl, Vp2, and Vp3
make up 75, 3.75, and 7.5% of the total mass of virion protein,
respectively (data not shown). Molecular weight markers were
iodinated and transferred to nitrocellulose membrane along with the
virus samples. The molecular weight markers (designated by bars at
the right side of the figure) are: phosphorylase a (92.5K), bovine
serum albumin (68K), creatine phosphokinase (40K), soybean tryp-
sin inhibitor (18.4K), and P-lactoglobulin (17.5K).
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FIG. 2. Antibody-antigen reaction with increasing antigen concentration. Increasing concentrations of SDS-disrupted virion protein were

separated on SDS-polyacryalmide gels, transferred to a 0.45-p.m nitrocellulose membrane by electrophoresis for 3 h at 250 mA, reacted with
1251I-protein A and either anti-Vpl (A) or anti-Vp3 (B), and exposed to X-ray film as described in the text. The reactivity of the different
concentrations of antigens immobilized on nitrocellulose with immunoglobulin G and 1251-protein A was determined by either densitometry
tracings (0) or by excision of the bands from the nitrocellulose membrane and counting in the gamma counter (A). For densitometric analysis,
the bands detected by autoradiography did not exceed 2 optical density units.

SV40-infected cells. We have examined the total amount of
protein in the Sol, Csk, and Nuc fractions from uninfected
and infected cells (Table 1). The number of cells in each plate
was determined by cell counting after trypsinization or from
micrographs (see above). An average subconfluent culture of
uninfected cells has ca. 286 p.g of Sol, 10 jig of Csk, and 44
p.g of Nuc protein in 106 cells. SV40-infected cultures
harvested at 16 and 33 h p.i. showed no obvious difference in
their Sol and Csk protein content compared with the content
in uninfected cells. However, the amount of Nuc protein
increased to 93 p.g/106 cells by 33 h p.i. By 48 h p.i., the
number of cells had almost doubled since the start of
infection, and the amount of protein in the infected Csk
fraction had increased to 16 p.g/106 cells. This relative
distribution of protein in the cells was maintained to 65 h p.i.
Therefore, after virus infection, no great differences were

observed in the Sol protein content in cells up to 65 h p.i.
The amount of Csk protein increased by more than 50% (by
48 h p.i.), and the amount of Nuc protein increased by 80%
(at 33 h p.i.). Other experiments have shown that an increase
in Nuc protein occurs after ca. 30 to 40 h of infection, and the
increase (50%) (see footnote in Table I) was not as high as

that (80%) seen in this particular experiment (data not
shown). However, in all of the experiments, the increase
observed in the Csk fraction (ca. 50%) late in infection was

reproducible.
Distribution of Vpl, Vp2, and Vp3 in subcellular fractions.

The polypeptides in subcellular fractions from uninfected
and infected cells harvested at 40 h p.i. were visualized by
Coomassie blue staining after SDS-polyacrylamide gel elec-
trophoresis (Fig. 3). The Vpl band was detectable in the Csk
and Nuc fractions, and Vp3 was only barely visible in the
nuclear fraction. Thus, the amount of viral polypeptides in
each cell fraction was examined by an immunoblotting
technique (Fig. 4).
With anti-Vpl reactions, a band with the Mr of 44K, which

is identical to the Mr of mature virion Vpl, is the major

antigen detected in all of the fractions as early as 16 h p.i. At
48 and 65 h p.i. (in 2.5 and 2.8 p.g of Csk protein in each gel
lane, respectively), doublets of 110 and 103-KD and 90 and
19.5-KD bands were detectable in the Csk fraction. When up
to 20 ,ug of Nuc protein isolated at 33, 48, and 65 h. p.i. was
used for immunoblotting, bands similar to those detected in
the Csk blots were also detectable (Fig. 4B). In addition,
other minor polypeptide bands with MrS of 50K, 39K, 36K,
33.5K, and 19.5K were detectable only in the Nuc fraction.
Antigens with identical MrS were also detected in the lanes
containing higher concentrations of Csk protein late in
infection (data not shown). These minor Vpl-related poly-
peptide species, currently unknown in origin, are identical in
Mr to those detected in purified virions (see above).

TABLE 1. Amount of protien in subcellular fractionsa
No. of cells ,ug of protein per 106 cells'

h p.i. (106) per
plateb Sol Csk Nuc

od 5.0 286 10 44
16 5.3 257 8 50
33 8.0 228 6 93
48 9.1 283 16 91
65 11.3 300 15 90

a In three different experiments, the protein distribution in unin-
fected cells showed similar values to the ones shown here and did
not appear to be dependent on cell density (data not shown). Values
for infected cultures were also confirmed in three different experi-
ments. In two experiments, the amount of protein in the Nuc
fraction isolated between 30 and 40 h p.i. was 150% of that in
uninfected cultures.

b The number of cells in each 10-cm plate was determined from
micrographs of randomly selected fields of each culture dish before
extraction. The values agree with those obtained from trypsinization
and counting.

' The amount of protein in each of the cell fractions was deter-
mined by the Lowry assay.

d Uninfected TC7 cultures.
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FIG. 3. Coomassie blue-stained polypeptides from Sol, Csk, and
Nuc fractions of uninfected and SV40-infected cells. Uninfected
(lanes 1, 3, and 5) and SV40-infected (lanes 2, 4, and 6) cultures were

fractionated into Sol (lanes 1 and 2), Csk (lanes 3 and 4), and Nuc
(lanes 5 and 6) fractions. Protein (70 ,ug) from each fraction was
separated on a 15% SDS-polyacrylamide gel, and the polypeptides
were visualized by Coomassie blue staining. The molecular weight
markers (designated by bars at the right side of the figure) are:
myosin (210K), P-galactosidase (120K), phosphorylase a (92.5K),
bovine serum albumin (68K), creatine phosphokinase (40K), soy-
bean trypsin inhibitor (18.4K), and ,-lactoglobulin (17.5K).

With anti-Vp3 reactions, bands with MrS of 37K (Vp2) and
28K (Vp3) were found in all three fractions by 33 h p.i. A 44-
KD band which comigrates with virion Vpl was also detect-
ed in all of the fractions. Other minor bands were also
detectable: a band with an Mr of 24.5K was found in both the
Sol and Csk fractions but was more pronounced in the Sol
fraction; bands with MrS of 74.5K and 78K were found in the
Csk and Nuc fractions; and a 57K band was found in both
the Sol and Nuc fractions. The presence of the 24.5, 74.5,
and 78-KD bands in the Csk fraction was confirmed by
separate experiments, using a high concentration of Csk
proteins (data not shown). In addition, an intense 16.5-KD
band was detected in the Sol and Csk fractions, and a 15.5-
KD band was found in the Nuc fraction (Fig. 4C and D). The
15.5-KD polypeptide found only in the Nuc fraction is one of
the histones, since isolated histones exhibited the immunore-
active band, using this anti-Vp3 serum, and the polypeptides
were also detected in the Nuc fraction of uninfected cells
(data not shown). In up to 1,040 ng of virion polypeptides,
none of these additional Vp3-related antigens were found in
purified virions (Fig. 1). The amount of 1251 counts in the
16.5-KD polypeptide band was quantitated relative to 37-KD
(Vp2) and 28-KD (Vp3) polypeptides in the Sol and Csk
fractions of the sample at 65 h p.i. (Fig. 4D). The molar ratio
for the 37-, 28-, and 16.5-KD polypeptides in both the Sol
and the Csk fractions is 1:2.4:1.5. Similar amounts of the
three polypeptides were found in the Sol fraction of the
sample at 48 h p.i., also. Thus, a relatively large number of
anti-Vp3 reactive 16.5-KD polypeptides are present only in
the cytoplasm of infected cells. In all of the immunoblots,
using the 1:200 dilution of anti-Vp3 serum, a band of 64 KD
was detected in all of the sample lanes. We have previously
reported the detection of this 64-KD antigen (28) in both
SV40-infected and uninfected samples. At this time, the
nature of this reactive antigen is still unresolved.

The amounts of antigen in the 44-KD (Vpl), 37-KD (Vp2),
and 28-KD (Vp3) bands in each fraction were quantitated by
immunoblotting (Table 2). As infection progressed, the con-
centration of each viral polypeptide increased in all frac-
tions. At 65 h p.i., Vpl, Vp2, and Vp3 constituted only 0.9,
0.02, and 0.05% of Sol protein, respectively, whereas Vpl,
Vp2, and Vp3 constituted 4.5, 0.5, and 1.1%, and 1.4%,
0.07%, and 0.15% of the total protein in Csk and Nuc
fractions, respectively. Thus, the concentration of each viral
polypeptide was higher in the Csk and Nuc fractions com-
pared with that in the Sol fraction. Vpl, Vp2, and Vp3 make
up 1.1, 0.05, and 0.1% of the total protein in the cell at 65 h
p.i., and the total amount of Vpl, Vp2, and Vp3 found per
106 cells at 48 and 65 h p.i. is 5.56 x 10-1, 0.37 x 10-1, and
1.0 x 10-11 mol and 10.4 x 10-1, 0.54 x 10- ", and 1.53 x
10-11 mol, respectively. The distribution of viral polypep-
tides at different times after infection in the Sol, Csk, and
Nuc fractions is variable. At 33 h p.i., a large fraction (ca.
70%) of all three polypeptides was found in the Nuc fraction,
whereas at 65 h p.i., Vpl was distributed mostly to the Sol
fraction and Vp2 and Vp3 were distributed evenly to all of
the fractions. This suggests that the efficiency of viral
protein transport to the cell nucleus changes during the
course of infection. Alternatively, cell death at later times
after infection would result in the release of mature virus
particles from the cell nucleus to the cytoplasm and there-
fore raise the concentration of viral polypeptides in the Sol
fraction. We thus believe that the data for 33 and 48 h p.i. are
representative of the subcellular distribution of viral poly-
peptides. We conclude that Vpl is distributed equally in all
fractions, whereas Vp2 and Vp3 are found mostly in the Csk
and Nuc fractions.
Molar ratio of viral polypeptides. Throughout infection, the

molar ratio of Vp3 to Vp2, Vp3/Vp2, remained approximate-
ly constant with an average value of 2.5 in all subcellular
fractions (Table 2), indicating that the synthesis and the
movement of Vp2 and Vp3 are coordinately regulated. The
molar ratio of Vpl to the sum of Vp2 and Vp3 (Vpl/[Vp2 +
Vp3]) differed among subcellular fractions (Table 2). In the
Csk and Nuc fractions, the Vpl/(Vp2 + Vp3) ratios of ca. 2
and 4.3, respectively, remained approximately constant in-
dependent of time after infection, whereas it was variable in
the Sol fraction. If average values for Vpl/(Vp2 + Vp3) are
taken as 2 and 8 for the Csk and Sol fractions, then for every
1 Vp2 molecule and 2.5 Vp3 molecules, there are 7 Vpl
molecules in the Csk fraction and 28 Vpl molecules in the
Sol fraction. A relatively high concentration of Vp2 and Vp3
is present in the Csk fraction as opposed to the Sol fraction,
suggesting that the mechanism for maintaining and regulat-
ing the amount of Vpl in the different compartments of the
cytoplasm differs from that of Vp2 and Vp3. The molar
distribution of Vpl, Vp2, and Vp3 in the cell nucleus is
constant throughout the progression of infection and is close
to that in a virus particle (see legend to Fig. 1), suggesting
that there is a selective mechanism which transports the
right proportions of Vpl, Vp2, and Vp3 from the cell
cytoplasm to the nucleus for virus assembly. Since the Vpl/
(Vp2 + Vp3) ratio in the Sol fraction is much higher than that
in the Csk or Nuc fraction, this again suggests that some
selective mechanism exists which regulates the amount of
Vpl, Vp2, and Vp3 in different subcellular fractions.

DISCUSSION
The present study points to three conclusions. (i) There is

a selective mechanism for regulating the proportions of Vpl,
Vp2, and Vp3 for transport into the cell nucleus for virus
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FIG. 4. Detection of viral antigens in Sol, Csk, and Nuc fractions by immunoblots. Protein from Sol, Csk, and Nuc fractions was separated
on 12.5% SDS-polyacrylamide gels and transferred to 0.1-pum nitrocellulose membranes as described in the legend to Fig. 1. The blots were
reacted with either a 1:400 dilution of anti-Vpl (A and B) or a 1:200 dilution of anti-Vp3 (C and D). In panels A, B, and C, the fractions were
obtained from SV40-infected cells at 16 (lane 1). 33 (lane 2), 48 (lane 3). and 65 (lane 4). Panel B shows the minor Vpl-related bands detectable
in high concentrations of protein from the Nuc fractions at 48 h p.i. Panel D shows the anti-Vp3-reacted immunoblot of Nuc (lane 5), Sol (lane
6), and Csk (lane 7) protein of infected cells harvested at 65 h p.i. and of Sol protein of uninfected cells (lane 8). The amount of protein in each
lane of the immunoblots are as follows: (A) Sol: 1, 56 ,ug; 2, 10 jig; 3, 10 jig; and 4, 9 jLg. Csk: 1, 4 jig: 2, 2.5 jig; 3, 2.5 jig; and 4, 2.8 jig. Nuc: 1,
25 jg; 2,4 jig; 3, 2 jig; and 4, 2 jig. (B) through 4, 20 jg per lane. (C) Sol: 1, 280 jig; 2, 253 jig; 3, 335 jLg; and 4, 88 jg. Csk: 1, 8 jig; 2,9 jig; 3,
6.2 jig; and 4, 9.8 jig. Nuc: 1, 100 jig; 2, 80 jig; 3, 99 jig; and 4, 99 jig. (D) 5, 59.4 jig; 6, 88 jig; 7, 4.2 jig; and 8, 45 jg. The positions for Vpl,
Vp2, and Vp3, as well as for minor bands detected by immunoblots, are designated by lines between panels A and B and panels C and D.
Lines on the right of panel A mark the positions of the 110-, 103-, and 90-KD polypeptides. Bars on the left of panel B represent, from top to
bottom, 110, 103, 90, 50, 39, 36, 33.5, and 19.5 KD, and between panels C and D, bars represent, from top to bottom, 78, 74.5, 56, 24.5, and
16.5 KD. The presence of minor antigen bands, some of which are not visible in the reproduced figure, was confirmed by separate
experiments, using a high concentration of proteins. Bars on the left of panels A and C and on the right of panels B and D indicate the positions
of molecular weight markers; from the top, these are 92.5K, 68K, 40K, 24K, 18.4K, and 17.5K.

assembly. The molar ratio of Vpl/(Vp2 + Vp3) in the Nuc
fraction was close to that of mature virions and remained
rather constant throughout infection. The molar ratio of
Vpl, Vp2, and Vp3 (16.88:1:2.65) in virus particles obtained
in this study (see legend to Fig. 1) is somewhat different from
the data reported previously (10:1:2.3) (15, 23, 42). In the
present study, we used the value obtained from our virus

preparation for comparison. (ii) The mechanism which con-
trols the movement of Vpl to different compartments of cells
is different from that of Vp2 and Vp3, for the Vp3/Vp2 ratio
was rather constant in all of the cell fractions, but the Vpl/
(Vp2 + Vp3) molar ratios varied among the individual
fractions. It is unlikely that Vpl was easily and artifactually
released from the cytoplasmic cytoskeletal fraction during
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TABLE 2. Amount of Vpl. Vp2. and Vp3 in subcellular fractions"
Vpl Vp2 Vp3 Molar ratios

h p.i. mol (1011) mol (10'') mol (101')
ng/j±g' per 10 %" ng/[lg' per 106 We ng/,Lg per 106 7. Vp3/Vp2 Vp 3/(Vp2

cells" cells cells + )

Sol
16 0.09 0.06 31
33 0.56 0.29 19 0.03 0.02 18 0.04 0.04 12 2 4.83
48 3.05 1.95 35 0.07 0.05 14 0.14 0.14 14 2.8 10.26
65 9.08 6.06 58 0.20 0.16 30 0.48 0.50 33 3.1 9.18

Csk
16 1.56 0.03 16
33 5.50 0.08 5 1.00 0.02 14 1.81 0.04 14 2 1.33
48 41.39 1.48 27 4.55 0.19 52 9.36 0.53 53 2.8 2.06
65 47.61 1.62 16 5.15 0.21 39 10.43 0.56 37 2.7 2.10

Nuc
16 0.83 0.11 53
33 5.62 1.19 76 0.33 0.08 68 0.64 0.21 74 2.6 4.1
48 10.43 2.13 38 0.53 0.13 34 1.04 0.33 33 2.5 4.63
65 13.61 2.72 26 0.71 0.17 31 1.48 0.47 30 2.8 4.25

" The data presented in this table represent average values obtained from at least three measurements of each sample. Vpl and Vp3 were
quantitated in two other experiments; the data were in agreement with that of this experiment, whereas Vp2 was only quantitated in samples
from this experiment.

6 Nanograms of viral polypeptide detected per microgram of protein from each fraction used for immunoblotting. For the detection of Vpl.
each gel lane contained between 0.5 and 56 ,ug of protein and between ca. 6 and 280 ,.g for the detection of Vp2 and Vp3.

Moles of viral polypeptide per 106 cells (assuming that all cells are infected).
d Percent distribution of viral polypeptides in each of the fractions at different times after infection.

the isolation procedure, since the fraction of Vpl found in
the Sol fraction increases as infection progresses. (iii) The
synthesis and the movement of Vp2 and Vp3 are coordinate-
ly regulated, for there was a constant Vp3/Vp2 molar ratio of
ca. 2.5 in all cell fractions. In addition, the present study
indicates that not all of the viral polypeptides synthesized in
the cytoplasm migrate into the cell nucleus. At 33 h p.i., ca.

70% of the virion structural proteins are located in the Nuc
fraction. By 48 h p.i., only ca. 35% of the total viral antigens
are located in the cell nucleus. This also suggests that the
efficiency of viral protein transport to the cell nucleus
changes during infection.

Late in infection, various Vpl-related antigens of distinct
molecular weights are detected in both the Csk and Nuc
fractions. Vpl-related polypeptides with the same molecular
weights can also be detected in SDS-denatured virions
purified by CsCl density gradient centrifugation. Some of
these have been reported previously (25, 30, 55). Anti-Vp3
serum detected a substantial amount of a 16.5-KD polypep-
tide in the Sol and Csk fractions of infected cells, especially
late in infection, but not in virus particles or in the nuclear
fraction. The role of the Vpl-related polypeptides late in
infection or in virions and the 16.5-KD Vp3-related polypep-
tide in the cell cytoplasm is unclear at this time.
The protein content of the Csk fraction doubled by 48 h

after virus infection, and Vpl, Vp2, and Vp3 were highest in
that fraction late in infection. In contrast to the Sol fraction
of the cytoplasm, the molar ratios of Vpl/(Vp2 + Vp3) in the
Csk fraction was low throughout infection. Our preliminary
data suggest that viral polypeptides are synthesized in the
Sol fraction and then anchored onto a detergent-insoluble
fraction after synthesis. Therefore, some mechanism must
regulate the anchoring of viral polypeptides to Csk struc-
tures in precise proportions after synthesis.
The method used to quantitate specific antigens in the

present study measures the accumulated amount of individ-
ual viral polypeptide over the course of infection but does

not offer any information regarding the rate of synthesis or
degradation of the polypeptides. However, one might as-
sume that the value obtained in our study reflects the net
polypeptide synthesis, for SV40 polypeptides have been
reported to be synthesized at similar rates and to be meta-
bolically stable (30, 40, 51, 55). Thus, our study suggests that
after synthesis the structural proteins of SV40 are transport-
ed into the cell nucleus in precise proportions. The data
presented in this paper agree with our working hypothesis
that the transport of viral structural polypeptides occurs in
the form of a complex (27). A similar study on the quantita-
tion of viral polypeptides with temperature-sensitive mu-
tants (9, 12, 33, 34, 51-53), as well as with viable deletion
mutants (11, 32, 49), will test our hypothesis.
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