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The simian virus 40 (SV40) T antigen host range mutants d11066 and d11140 display a postreplicative block
to plaque formation which suggests a novel role for T antigen late in the viral life cycle. The host range mutants
d11066 and d11140 are able to grow in and plaque on BSC but not on CV1 monkey kidney cells, a normally
permissive host. Previous work showed that in CV1 cells infected with d11066 and d11140, levels of viral DNA
replication and of late capsid protein accumulation were only slightly reduced and the failure to accumulate
agnoprotein was not likely to be the major factor responsible for the mutants' growth defect. Here we show that
the host range mutants are defective in the assembly of viral particles. SV40 assembly proceeds as the
progressive conversion of 75S viral chromatin complexes to 200S-240S assembled virions. When virus-infected
cell extracts are separated on 5 to 40%0 sucrose gradients, wild-type extracts show the greatest accumulation of
viral late protein in the 200S-240S fractions corresponding to the assembled virus peak and lesser amounts in
the 75S-150S fractions corresponding to immature assembly intermediates. The host range mutants d11066 and
d11140 grown in nonpermissive CV1 cells, however, failed to assemble any appreciable amounts of mature
200S-240S virions and accumulate 75S intermediates, whereas in permissive BSC cells, levels of assembly were
more slightly reduced than those of the wild type. Analysis of the protein composition of gradient fractions
suggests that SV40 assembly proceeds by a mechanism similar to that proposed for polyomavirus and suggests
that the host range blockage may result from a failure of such mutants to add VP1 to 75S assembly
intermediates.

As the multifunctional master regulatory protein of simian
virus 40 (SV40), large T antigen encodes a variety of activities
which enable the virus to grow efficiently in monkey cells and
to transform rodent cells. During productive infection, large T
antigen is necessary for the initiation and maintenance of viral
DNA replication, for autoregulation of early gene expression,
and for stimulation of late gene expression. T antigen also
stimulates cell DNA synthesis and the transcription of some
host genes. Its activities include a sequence-specific DNA
binding activity which enables T antigen to bind to the viral
replication origin, ATPase and DNA helicase activities, one or
more transcriptional transactivation activities, and the ability
to bind to a number of cellular proteins, most notably the
tumor-suppressor protein p53 and the retinoblastoma suscep-
tibility gene product, Rb (20, 22).

All T antigen functions required for viral DNA replication,
transcriptional control, and neoplastic transformation are lo-
calized to the N terminus and middle portion of the protein
(12, 17, 60, 67). The role of the C terminus of T antigen (amino
acids 660 to 708) in lytic growth of SV40 has been less well
understood. In fact, the C terminus can be deleted with only
minimal effects on virus yield and plaque size upon growth of
the virus in BSC cells at 37°C. However, the last 26 amino acids
of T antigen, which retain host range activity (65), are highly
conserved among the primate papovaviruses, and two lines of
investigation have uncovered conditions under which there is
an absolute requirement for the C terminus of SV40 T antigen
for viral growth in monkey cells.

Early investigators first described the C terminus as contain-
ing an adenovirus-helper function, having found that this part
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of T antigen is sufficient to enable the growth of human
adenoviruses in BSC and CV1 monkey cells. Human adenovi-
ruses grow efficiently in human cells but grow 1,000-fold less
efficiently in African green monkey kidney cell lines. Late gene
transcription at the major late promoter is 2- to 10-fold
reduced (39), probably by premature termination or attenua-
tion (35). In addition, synthesis of the fiber capsid protein is
further reduced by approximately 100-fold, purportedly by
inappropriate splicing, reduced translation, and other uniden-
tified factors (1, 2, 40, 58). The block to productive infection
can be relieved either by a helper function supplied by the
carboxy-terminal fragment of SV40 large tumor antigen (15,
30, 37, 53) or by a mutation localized to the N-terminal domain
of the multifunctional adenovirus 72-kDa DNA-binding pro-
tein, whose carboxy-terminal domain, reminiscent of T anti-
gen, is responsible for DNA binding, replication, transcrip-
tional autoregulation, enhanced transformation, and assembly
of adenovirus (10, 41). In the presence of either of these
elements, attenuation of late transcription is reduced and
proper processing of the fiber message is restored.
More recently, the C terminus of T antigen has been

described as containing a host range activity. Whereas SV40
strains carrying deletions of the C terminus of T antigen are
able to grow in BSC African green monkey kidney cells, they
are unable to grow in CV1 monkey kidney cells (50, 64, 65).
Moreover, growth in permissive cells is temperature sensitive:
the mutant viruses grow in BSC cells at 37°C but do not grow
in this line at 32°C (16, 50). Compared with wild-type virus,
mutant stocks give 10-fold-lower yields on BSC cells and
10,000-fold-lower yields on CV1 cells (50). Mutant viruses
replicate DNA at nearly wild-type levels under nonpermissive
conditions, suggesting a postreplicative block to lytic growth
similar to the adenovirus helper function block (50, 64). The
properties of all mutants studied to date suggest that the host
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Both of these lack the host range domain and would be expected to lack both host range and adenovirus helper activity.

FIG. 1. Summary of host range mutants. At the top, the sequence of the carboxy-terminal region of T antigen with corresponding amino acid
and nucleotide positions is shown. The positions of deletion mutants and amino acid substitution mutants within the carboxy-terminal domain are
indicated, and the positions of phosphorylated amino acids are shown. Sequences important for adenovirus helper function and host range activities
are indicated.

range activity and the adenovirus helper activity are identical
(Fig. 1).
To date, the stage at which the host range defect blocks lytic

infection has remained elusive. In previous work we demon-
strated that in nonpermissive cells infected with SV40 T
antigen host range mutants d11066 and dll 140, accumulation of
the viral capsid proteins VP1, VP2, and VP3 was only slightly
reduced (38). The host range mutants did fail to make
detectable levels of the late leader-encoded agnoprotein (38).
However, this appeared not to be the major factor responsible
for their growth defect. Agnoprotein mutants exhibit a much
less severe phenotype, and the block to host range mutant
growth was not relieved when agnoprotein was expressed in
trans (59).
Our present data indicate that the host range mutants are

defective in the assembly of viral particles. Whereas in wild-
type-infected BSC cells, 75S viral chromatin is converted to
200S-240S viral particles, lesser amounts of this conversion are
seen in sucrose gradient fractionations of assembly intermedi-
ates from host range mutant-infected cells. Even more striking,
no conversion of 75S intermediates is exhibited when host
range mutants are grown in nonpermissive CV1 cells. We
suggest that the host range activity of T antigen is necessary at
the stage of SV40 viral assembly and thus that T antigen also
regulates at a much later stage than was previously recognized.

MATERUILS AND METHODS

Cells, viruses, and antisera. BSC40 is an established line of
African green monkey kidney cells derived from the BSC1 line
(9, 32) and was used for the growth of all virus stocks. CV1C
is an independently derived line of African green monkey
kidney cells (34).

Wild-type SV40 (strain 776) served as the parent of the host
range mutant used in this study. Mutant dl1066 carries a small
deletion at the carboxy end of the T antigen coding region and
has been described previously (12, 51).pm 1493, an SV40 point
mutant in which the agnoprotein initiation codon has been
converted from ATG to TTG, was kindly provided by J.
Resnick. pm1493 was derived from wt830 (55).

Rabbit anticapsid serum recognizing SV40 VP1 was gener-
ously provided by R. Lanford and J. Butel. A rabbit antiserum
recognizing SV40 VP2 and VP3 was kindly provided by H.
Kasamatsu (36). T antigen was detected with hamster ascites
fluid raised against an SV40-transformed cell line (45).
Growth and titration of virus stocks. Virus stocks were

routinely grown by infection of freshly confluent BSC cells in
Eagle's minimal essential medium (MEM) plus 10% fetal calf
serum in 75-cm2 flasks with 0.01 to 0.1 PFU of preexisting virus
stock per cell. Immediately following infection, the medium
was changed to MEM plus 2% fetal calf serum. Around 72 h
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postinfection (p.i.), the medium was changed again before the
onset of cytopathic morphology. The virus was then allowed to
grow about a week longer, until all cells had assumed balloon
shapes and had detached from the culture vessel, forming
clumps among themselves. The virus-containing medium was
freeze-thawed three times to release all virus attached to
cellular debris. Titers of pools of freeze-thawed medium were
then determined by plaque assay. Stocks for which titers were
determined were frozen in aliquots at -20°C.

For determination of titers of virus stocks by plaque assay,
BSC40 cells were plated in 6-cm-diameter dishes and infected
with appropriate virus dilutions at 80% confluence. After
incubation with 1 ml of virus suspension at 37°C for 2 h, the
virus-containing medium was removed from the dishes and the
cells were fed 3 ml ofMEM plus 2% fetal calf serum overnight.
On the next day, 12 to 16 h later, the liquid medium was
replaced with 3 ml of a 1:1 mixture of 2x Eagle's MEM plus
5% fetal calf serum without phenol red at 37°C or with 1.8%
agar at 50°C. The cells were incubated at 37°C and reoverlaid
with the agar medium on days 4 and 7 following infection, with
the inclusion of 82 ,ug of neutral red per ml in the final overlay.
The purity of the host range stocks was verified by their failure
to form plaques on CV1 cells.

Isolation of viral assembly intermediates on sucrose gradi-
ents. For separation of viral assembly intermediates on sucrose
gradients, BSC or CV1 monkey kidney cells were grown on
10-cm-diameter dishes to near confluence and infected with 1
PFU of mutant or wild-type virus stock per cell in 5 ml of
Eagle's MEM plus 2% fetal calf serum per dish. At 40 h p.i.,
three 10-cm-diameter dishes of each infected cell type were
washed twice in Tris-buffered saline (25 mM Tris HCl [pH 7.4],
0.136 M NaCl, 7 mM KCl, 0.7 mM Na2HPO4) and lysed in 0.5
ml of hypotonic buffer (25 mM Tris HCl [pH 7.9], 1 mM
MgCl2, 0.4 mM CaCl2, 0.5 mM dithiothreitol) per dish at 0°C
(21). A total of 1.5 ml of each type of lysate was incubated on
ice in a 4°C room while 13-ml 5 to 40% sucrose gradients in 2
mM Tris (pH 7.4) were prepared. The lysates were then
scraped into a Dounce homogenizer and processed with 40
strokes. Samples were centrifuged at 2,000 rpm for 5 min in an
IEC benchtype centrifuge to pellet nuclei and cell debris. The
supernatants were then carefully layered onto the sucrose
gradients. The gradients were spun in a Beckman SW40 rotor
at 37,000 rpm at 4°C for 70 min. Twenty-five 0.5-ml fractions
were hand collected from the bottom of each gradient with the
aid of a peristaltic pump.
Western blot (immunoblot) analysis of viral late protein

content. One-fifth of each fraction was run on sodium dodecyl
sulfate (SDS)-8% polyacrylamide gels alongside prestained
molecular weight markers. The gels were electroblotted to
nitrocellulose filters (BA85; Schleicher and Schuell) by using a
transfer buffer composed of 0.305% Tris base, 1.44% glycine,
and 20% methanol. Transfers were done overnight (12 to 16 h)
at 8 V and 130 mA.
The filters were probed with rabbit anticapsid serum reactive

to VP1 and 125I-protein A by the method of Jagus (32a). Blots
were blocked by incubation with shaking in 100 ml of
BLOTTO (5% instant nonfat dried milk in 50 mM Tris-200
mM NaCl, pH 7.4) for 3 to 12 h at room temperature and then
incubated at room temperature overnight in a seal-a-meal bag
with antibody in a minimal volume of BLOTTO. The blots
were then rinsed twice for 1 min each time with 50 mM
Tris-200 mM NaCl, pH 7.4, and three times for 5 min each
time with BLOTTO. They were then incubated for 2 h in 75 ml
of BLOTTO plus 250 [lI of Triton X-100, 500 ,ul of 10% SDS,
and 200 pul of NEN 251I-protein A (NEX-146L; 2 to 10 ,uCi/,ug)
and put through the same rinse protocol with Tris-buffered

saline and BLOTTO plus detergents. Finally, the blots were
rinsed repeatedly in Tris-buffered saline, dried, mounted, and
exposed to Kodak XAR film for autoradiographic visualization
of the blotted viral proteins.

Southern blot analysis of viral DNA content. Viral DNA was
phenol extracted from four-fifths of each sucrose gradient
fraction, precipitated with tRNA carrier, resuspended in TE
(10 mM Tris [pH 8.0], 1 mM EDTA), and linearized with
BamHI before separation on 0.7% agarose gels. Gels were
then capillary blotted to GeneScreen Plus by conventional
methods. Probes were prepared by nick translation of 200 ng of
plasmid B3, which carried SV40 at the BamHI site of pBR322
(492 in a nick translation mixture including 100 puCi of
[cx- 2P]CTP (NEG-0132; 6,000 Ci/mmol; NEN).
Dried blots were prehybridized for 3 h at 65°C in seal-a-meal

bags containing 7 ml of 150 mM NaPO4 (pH 7.2), 725 mM
NaCl, 1 mM EDTA, 1% SDS, and 100 pug of heat-denatured
salmon sperm DNA per ml and hybridized overnight at 65°C in
7 ml of the same solution plus the boiled SV40 probe. Blots
were washed once for 5 min in 200 ml of 2x SSC (lx SSC is
0.15 M NaCl plus 0.015 M sodium citrate) plus 0.1% SDS,
twice for 20 min each time in 200 ml of 25 mM NaPO4 (pH
6.5)-i mM EDTA-0.1% SDS, and twice for 20 min each time
in 25 mM NaPO4 (pH 6.5)-i mM EDTA-1% SDS, all at 65°C.
The blots were then exposed to Kodak XAR film while still
moist, encased within seal-a-meal bags.

Pulse-chase analysis of the rate of viral assembly. Metabolic
labelling of viral DNA with [3H]thymidine was used for
pulse-chase analysis of the rate of viral assembly. Infected cells
were labelled for 15 min at 40 or 48 h p.i. with 2 ml of
20-p.Ci/ml [3H]thymidine per dish. At this concentration, in-
corporation of thymidine was found to be nonlimiting. The
labelling medium was then removed, the cells were washed
once with 5 ml of phosphate-buffered saline (PBS), and 5 ml of
cold-chase MEM plus 2% fetal calf serum was added per dish
at 30 min after the initial application of the label. Cells
pulse-labelled at 40 h p.i. were chased for 0 and 90 min and 4,
6, 8, and 10 h prior to harvest. Cells labelled at 48 h p.i. were
chased for 10, 14, and 18 h prior to harvest.

Labelled infected cell lysates were separated on sucrose
gradients as described above. An aliquot was taken from each
fraction for scintillation counting in 5 ml of ICN Ecolite fluor.

Immunoprecipitations from sucrose gradient fractions. For
immunoprecipitation experiments, infected cells grown on
10-cm-diameter dishes were labelled for 6 h, from 41 to 47 h
p.i., with 200 ,uCi of [35S]methionine (Tran35S-label; ICN) in 2
ml of Dulbecco's MEM minus methionine plus 2% dialyzed
fetal calf serum per dish prior to lysis and sucrose gradient
fractionation. A total of 1.5 ml of lysate from three dishes was
processed and loaded onto each sucrose gradient in the
manner described above.

One-fifth of each of the sucrose gradient fractions was

immunoprecipitated by our standard protocol. Lysates were
preadsorbed and clarified by the addition of 30 ,ul of Boeh-
ringer Mannheim Staph A cells for 30 min and then immuno-
precipitated by reaction for 4 to 6 h with 1 pLI of the
appropriate polyclonal antibody and readdition of 30 pul of
Staph A cells for 30 min. Antibodies used were from a hamster
ascites fluid recognizing SV40 T antigen and a rabbit anti-SV40
serum recognizing VP1. These amounts of antibody and Staph
A cells were previously determined by titration to be nonlim-
iting. Precipitated pellets were washed twice in 1 ml of SNNTE
(5% sucrose, 1% Nonidet P-40, 500 mM NaCl, 50 mM Tris
[pH 7.4], 5 mM EDTA) and once in NTE (50 mM NaCl, 10
mM Tris [pH 7.4], 1 mM EDTA) before boiling in SDS loading
buffer and separation on SDS-10% polyacrylamide gels. The
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gels were treated with the fluor En3Hance (NEN) before
drying and exposure to XAR film.

Coimmunoprecipitation ofVP1 and viral DNA from sucrose
gradient fractions. To compare the VP1 distribution with the
viral DNA profiles from the gradients, selected wild-type-
infected BSC, d11066-infected BSC, and d11066-infected CV1
sucrose gradient fractions remaining from the [3H]thymidine
pulse-chase experiments were immunoprecipitated with anti-
SV40 serum recognizing VP1. Samples from a 10-h chase of
material labelled at 40 h p.i. were chosen in each case because
there was a good distribution of counts between both the
assembled and the unassembled peaks. In each case, 50 RI of
lysate was preadsorbed and clarified by a preliminary incuba-
tion with 30 RI of Staph A cells. Then supernatants were
incubated with 1 ,lI of antibody for 4 h followed by 30 min with
30 RI more of Staph A cells. Supernatants were then pipetted
into scintillation vials. This time, immunoprecipitated pellets
were washed only once and in a different buffer, composed of
5% sucrose, 1% Nonidet P-40, 150 mM NaCl, 50 mM Tris (pH
7.4), 5 mM CaCl2, and 5 mM MgCl2. Washed pellets were
resuspended in 75 ,ul of 50 mM NaCl-10 mM Tris (pH 7.4)-5
mM CaCl2-5 mM MgCl2 and loaded into scintillation vials for
counting.
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RESULTS

Previous studies indicated that SV40 host range mutants
replicate viral DNA and express viral capsid proteins in
nonpermissive cells yet fail to produce infectious virions (38,
50, 61, 64, 65). This suggests that these mutants are blocked in
viral assembly or release. To discern the nature of this defect,
we examined the accumulation and maturation of viral parti-
cles in more detail.

Sucrose gradient analysis reveals that the host range mu-
tants are defective in viral assembly. We first compared the
abilities of wild-type SV40 and d11066 to assemble virions in
infected BSC and CV1 cells. Cells were infected at a multiplic-
ity of infection of 1 PFU per cell. At 40 h p.i., the cells were
lysed in a hypotonic buffer and the viral assembly intermedi-
ates were separated on 5 to 40% sucrose gradients. Approxi-
mately 25 fractions were collected from each gradient. A
portion of each fraction was used for SDS gel electrophoresis
and immunodetection of VP1 on Western blots. The remain-
der was phenol extracted to recover viral DNA which was
subsequently visualized by Southern analysis.

Figure 2 displays the distributions of VP1 found on Western
blots when infected cell lysates were fractionated on sucrose
gradients. In wild-type-infected cells, 56% of the VP1 ap-
peared in the denser fractions 1 to 11, which correspond to
fully assembled viral particles (200S-240S). The remainder was
distributed among the lighter fractions. BSC cells infected with
d11066 showed a similar distribution of VP1. However, some-
what less (42%) of the VP1 appeared in assembled virions. In
contrast, d11066-infected CV1 cells contained very little (8%)
VP1 in assembled virions.
We also examined the position of viral DNA in these

gradients by Southern blot analysis (Fig. 3). In cells infected
with wild-type SV40, appreciable amounts of viral DNA ap-
peared in the assembled fractions 6 to 8, with the remainder
remaining in the lightest fractions. A similar distribution was
found in d11066-infected BSC cells; however, less DNA cosedi-
mented with assembled virions than in wild-type-infected cells.
Little or no viral DNA was present in the heaviest fractions
from d11066-infected CV1 cells. In the lighter fractions of both
d11066-infected BSC and d11066-infected CV1 cells, the viral
DNA was found in two peaks. The lightest of these corre-
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FIG. 2. Western blots of sucrose gradient fractions from wild-type
(WT)- and d11066-infected BSC and CV1 cells probed with anti-SV40
antiserum recognizing VP1. Infected cell lysates were separated on 5 to
40% sucrose gradients. Gradient fractions were subjected to SDS-10%
polyacrylamide gel electrophoresis, blotted, and probed with anti-
SV40 serum. The fractions are numbered from dense to light, with the
densest fractions appearing on the left. The high-molecular-weight
bands appearing at low density in the d11066-infected BSC and CV1
panels are suspected to represent SDS-resistant dimers and multimers
of VP1, which also appear in gradients from wild-type-infected cells on
longer exposure or when more lysate is loaded onto the gel. The length
of exposure was 24 h.

sponded to the light DNA peak found in wild-type-infected
cells. In addition, accumulation of viral DNA in fractions 13 to
18 was evident. We suspect that the absence of SV40 DNA in
fraction 16 of the d11066-infected CV1 panel is due to exper-
imental error or the limitations of the technique in light of the
results below.

Pulse-labelling of infected cells prior to sucrose gradient
fractionation. We next examined the time course of viral
assembly in pulse-chase experiments with wild-type- and
d11066-infected BSC and CV1 cells. At 40 h p.i., cells were
pulse-labelled with [3H]thymidine for 15 min and chased with
MEM plus 2% fetal calf serum for various times. Lysates were
prepared and run on 5 to 40% sucrose gradients as described
above. The amount of 3H-DNA in each fraction was then
assessed. The results are depicted in Fig. 4 to 8.
As shown in Fig. 4, pulse-chase of wild-type SV40 chromatin

showed the same conversion of lOOS to 75S to 200S-240S forms
that was reported by others (4, 21, 23). After a 15-min pulse,
mostly lOOS material was labelled, which probably represents
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FIG. 3. Southern blots showing SV40 viral DNA in sucrose gradi-
ent fractions from wild-type (WYT)- and d11066-infected BSC and CV1
cells. Viral DNA was extracted from the gradients shown in Fig. 2,
linearized, run on 1% agarose, blotted, and reacted with a radiola-
belled SV40 DNA probe.

viral chromatin bound to an array of transcription and repli-
cation proteins. By 90 min of chase, this material was nearly all
converted to 75S viral chromatin, and at 4 h after labelling, a
sizeable 200S-240S peak of assembled virus appeared. Others
have reported complete conversion of wild-type viral DNA to
the 200S-240S peak by 4 h after a 5-min pulse (23). With our
longer (15-min) labelling time, however, a larger pool of
labelled DNA which takes proportionately longer to convert to
the 200S-240S form is accumulated.

In wild-type-infected cells, approximately half of the 75S
peak was converted to 200S-240S virions by 7 h after a 15-min
pulse (Fig. 5). A similar pattern was observed for CV1 cells
infected with wild-type SV40 (Fig. 6). Assembly was much
slower in d11066-infected BSC cells (Fig. 7). In CV1 cells, the
nonpermissive host for dl1066, assembly failed to proceed at al.
This resulted in the buildup of 75S viral chromatin over time
(Fig. 8). The same pattern as for dl1066 was found when
assembly was investigated with host range mutant dll 140 (data
not shown). Similar patterns have previously been reported to
be characteristic of tsBC1 1 and tsC mutants of SV40, as well as
hr-t mutants of polyomavirus (6, 23, 26).
To address the possibility that dl1066 may not only assemble

more slowly than the wild-type virus but may assemble at later
times p.i., experiments were repeated using a 15-min pulse at
48 h p.i., rather than at 40 h p.i., and assembly after a 10-, 14-,
or 18-h chase was compared with earlier results. Pulse-chase of
mutant and wild-type DNAs at these later times p.i. revealed
no change in the rate of assembly in any case (data not shown).

Immunoprecipitation of viral proteins from the sucrose
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FIG. 4. Pulse-chase experiment showing progression of wild-type
virus assembly in BSC cells. Cells were pulse-labelled with [3H]thymi-
dine for 15 min at 40 h p.i. and chased for 0, 30, or 90 min or 4 h.
Species labelled are, from top to bottom, 1OOS, 1OOS plus 75S, 75S, and
240S plus 75S viral DNAs.

gradient fractions. We next sought to examine the protein
composition of our wild-type and mutant assembly intermedi-
ates by comparing the abilities of viral late proteins to associate
with each other under permissive and nonpermissive condi-
tions. In the first experiment, Western blots probed with both
an antiserum recognizing VP2 and VP3 and anti-SV40 serum

recognizing VP1 were run with concentrated [3H]thymidine-
labelled sucrose gradient fractions to directly compare the
distribution of these proteins with that of viral DNA in the
gradients. Figure 9 shows the results when sucrose gradient
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FIG. 5. Pulse-chase of 3H-viral DNA in wild-type-infected BSC cells. Cells were pulse-labelled with [3H]thymidine for 15 min at 40 h p.i. and
chased for 0 or 90 min or 4, 6, 8, or 10 h. Counts per minute of 3H are plotted against the fraction number, with the densest fractions appearing
on the left.

fractions from wild-type-infected, [3H]thymidine-labelled BSC
cells were examined for their VP3 and VP1 contents on a

Western blot. A faint VP3 band appeared at about 30 kDa,
below the major capsid protein band at 45 kDa. VP3 appeared
principally in fractions 4 to 7 and 10 to 19, which correspond to
the assembled virion peak and the leading fractions from the
unassembled peak of 3H-viral DNA from the same gradient,
respectively. VP1 also was found to be most concentrated in
assembled virions and the leading fractions from the unas-

sembled DNA peak. In this particular blot, it appeared as a

doublet in fractions 16 to 25. This was probably due to the
action of a protease which sedimented in the lighter fractions

because these fractions were improperly stored prior to elec-
trophoresis. By the protocol employed for this blot, there was

enough material to see a minimal VP3 signal in the wild-type
gradient shown but not in mutant lysates. VP2 was not visible
in either type of lysate under these conditions because it occurs
in quantities below the limits of detection. Therefore, we

turned to immunoprecipitation experiments for data concern-

ing the distribution of VP2 and VP3 in the gradients of mutant
lysates.
When infected cells were labelled with [35S]methionine prior

to sucrose gradient fractionation and immunoprecipitation,
VP1 was found to be distributed in the expected patterns in
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FIG. 6. Pulse-chase of 3H-viral DNA in wild-type-infected CV1 cells. Cells were pulse-labelled with [3H]thymidine for 15 min at 40 h p.i. and
chased for 0 or 90 min or 4, 6, 8, or 10 h. Counts per minute of 3H are plotted against the fraction number.

mutant and wild-type gradients. Immunoprecipitations of the
odd-numbered fractions from each gradient with anti-SV40
serum recognizing VP1 are shown in Fig. 10. As in previous
Western blots, more of the major capsid protein, VP1, ap-
peared in assembled fractions from wild-type-infected CV1
cells than from d11066-infected CV1 cells, in which assembly
was impaired. More VP1 appeared in the assembled fractions
of wild-type-infected BSC gradients than of d11066-infected
BSC gradients, in which partial assembly was expected. Gra-
dients from CV1 cells infected with the virus pm1493, which is
mutated at the initiation codon for the viral agnoprotein,
however, showed no defect in virus assembly.
VP2 and VP3 also appeared in the assembled virus fractions

immunoprecipitated with anti-SV40 antibody in all gradients in
which assembly occurred. VP2 runs just under the 45-kDa VP1
band, and VP3 runs at about 30 kDa. In these gels, both
proteins were most concentrated in the assembled fractions 5
to 9, particularly in the wild-type-infected BSC, wild-type-
infected CV1, andpm1493-infected CV1 samples, in the case
of which the most VP1 was also concentrated there. On darker
exposures of the same gels (not shown), VP2 appeared to be
present mostly in fractions 3 to 17 and VP3 appeared to be
distributed throughout the gradient. A population of contam-
inating cellular protein bands also appeared in fractions 21 to
25, in which material less dense than viral chromatin assembly
intermediates is present. In fractions 15 to 21, a different
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FIG. 7. Pulse-chase of 3H-viral DNA in dllO66-infected BSC cells. Cells were pulse-labelled with [3H]thymidine for 15 min at 40 h p.i. and
chased for 0 or 90 min or 4, 6, 8, or 10 h. Counts per minute of 3H are plotted against the fraction number.

population of precipitated proteins was found to migrate at
approximately 20 to 35 kDa. These cellular bands, probably
chromatin associated, coincided with the peak of viral chro-
matin sedimentation. A strong band, presumably cellular actin,
always appeared beneath the immunoprecipitated VP1 band in
fractions 19 to 25.
SV40 T antigen and the cellular protein p53 were also seen

in the lightest fractions from these immunoprecipitated gradi-
ents (Fig. 10). Their identities were confirmed by immunopre-
cipitation of identical fraction pools with hamster anti-T
antigen serum, which precipitated approximately twice as
much of both proteins as the anti-SV40 serum (data not
shown). The appearance of T antigen in the anti-SV40 precip-

itates turns out to be the result of a dual specificity in the
antiserum which appears in immunoprecipitates (but not on
Western blots) rather than evidence of a complex between T
antigen and VP1. In lysates from COS cells, which express T
antigen in the absence of VP1 (29), this serum precipitated
some but not all T antigen present (data not shown).

Coimmunoprecipitation ofVP1 and viral DNA from sucrose

gradient fractions. When selected [3H]thymidine labelled frac-
tions from a 6-h pulse-chase were immunoprecipitated with
anti-SV40 serum recognizing VP1, the results were as shown in
Fig. 11. As might be expected, virtually all of the 3H-viral DNA
present in the assembled virus peak was precipitated by the
anti-SV40 antibody. The 75S unassembled peak was, however,
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divided into two classes of viral chromatin, one apparently
bound and the other unbound to the major viral capsid protein.
The apparently VP1-bound subclass sedimented at a slightly
higher density than the unbound chromatin, encompassing the
same fractions that were found to contain VP3 in the Western
blot in Fig. 9. When d11066-infected BSC and CV1 cell
gradient fractions were precipitated with anti-VP1 antibody,
however, a much lesser percentage of the 75S chromatin was
found to be complexed with VP1 than in wild-type gradient
fractions. Whereas in wild-type-infected cells, about 50% of
the 75S peak appeared to be VP1 bound, in d11066-infected
BSC cells, only about 10% of the 75S material appeared to be
bound to VP1. In d11066-infected CV1 cells, VP1 appeared to

be bound to less than 5% of the 75S material. This suggests
that the host range defect may be attributable to the inability
of VP1 to associate with viral chromatin.

DISCUSSION

Prior to this work, T antigen's role in productive infection
was thought to be limited to DNA replication and transcrip-
tional control. We and others, however, have reported mutants
of T antigen which exhibit defects in viral plaque formation at
stages later than viral replication (18, 50, 64). Here we have
further characterized the C-terminal host range mutants and
have determined that T antigen encodes an additional activity
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FIG. 9. Locations of VP1 and VP3 among gradient fractions from
wild-type (WT)-infected cells. Sucrose gradient fractions from wild-
type-infected cells continuously labelled with [3H]thymidine were

concentrated and run on an SDS-10% gel. The gel was blotted and
probed with an antibody recognizing VP2 and VP3 followed by
25I-protein A. Later the same blot was reprobed with anti-SV40
antibody recognizing VP1, which was visualized by a peroxidase-
conjugated second antibody and a color reaction. VP1 and VP3 are

indicated. VP2 occurs in trace amounts and is not visible here. The blot
is aligned with the 3H-viral DNA profile taken from the same gradient
(top panel).

which is necessary for the assembly of SV40 viral particles. In
addition, our data help to clarify the mechanism whereby
wild-type SV40 virions are assembled. Last, we offer some

suggestions as to the stage at which host range mutant assem-

bly is blocked.
SV40 is assembled as a 45-nm, 240S, 1.33-g/cm3 icosahedral

particle containing one histone-bound copy of supercoiled,
double-stranded DNA and the viral capsid proteins VP1, VP2,
and VP3 in an approximately 24:1:4 ratio (8, 63). X-ray
crystallographic studies have determined that both the capsid
of SV40 (46) and that of polyomavirus (54) are composed of
360 molecules of VP1 arranged in 72 surface pentamers held in
12 pentavalent and 60 hexavalent positions by the three
alternative bonding patterns of which VP1 is capable. Al-
though the locations of VP2 and VP3 are not clearly apparent
from the crystal structure, there are patterns of electron
density beneath each pentamer which suggest that they occur

at more internal positions in the virion (3, 46).
Over the years, a variety of models have been proposed for

in vivo SV40 and polyomavirus assembly (reviewed in refer-
ence 8). As determined from observations of viral assembly
intermediates on sucrose gradients after pulse-chase of
[3H]thymidine, 100S replicating chromatin is converted to a

75S chromatin assembly intermediate which is then converted
to 200S previrions and a 240S assembled virion species (4, 13,
19, 21, 23, 24, 33). The same program for viral assembly was

also reported for polyomavirus, in which pulse-chase showed
the conversion of 90S assembly intermediates to 200S and 240S
forms (26, 66). The 75S particle is not infectious, whereas
200S-240S particles are (4, 42). The 200S and 240S species
usually comigrated; however, a distinct 200S species could
sometimes be discerned at early times over the course of
pulse-chase (21, 23), and this species appeared to be sensitive
to high salt concentrations and unstable when recentrifuged in
CsCl gradients (4, 19, 33, 43, 57).
Some confusion has centered over the specific order and

stages in which capsid proteins are added to assembly inter-
mediates. Over the course of virion assembly, histones H2A,
H2B, H3, and H4 become more highly acetylated, apparently
by protection from deacetylase activity, and histone Hi is
displaced or degraded, such that it appears in 75S and 200S
particles but not in virions (13, 14, 21, 42, 43). This proceeds
concurrently with the progressive addition of VP1, VP2, and
VP3 to the 75S viral minichromosome. In spite of their own
data and those of Fernandez-Munoz and coworkers (21)
indicating the association of some VP1 with 75S assembly
intermediates, Garber et al. (24) originally concluded that the
75S peak was essentially histone-bound viral chromatin. From
the sequential appearance of capsid proteins in 200S-240S
gradient fractions after pulse-chase with [3H]leucine, they
concluded that 75S intermediates became 200S previrions by
the addition of VP1 and VP3 and then 240S virions by the
further addition of all three capsid proteins. On the basis of
Western blot analysis of the capsid protein content of 90S,
200S, and 240S material, Yuen and Consigli (66) concluded, on

the other hand, that the 90S polyomavirus intermediate was
bound to some VP1 and to its full quotient of VP2 and VP3.
According to their data, conversion to the 200S and 240S forms
involved addition and subtraction of additional isoelectric
species of VP1.
Our data help to distinguish between the Garber and the

Yuen and Consigli models and present a new instance in which
SV40 viral assembly is blocked. We find that in sucrose

gradient fractions from wild-type-infected cells, the leading
shoulder of the 75S viral assembly peak contains both VP3 and
VP1, which is what one would expect if SV40 assembly were to
follow the program proposed for polyomavirus assembly (27,
66). Moreover, our data clearly indicate that only the denser
shoulder of the 75S peak is associated with VP1, VP3, (per-
haps, VP2) and DNA, indicating that the 75S material really
represents at least two different populations of intermediates
in the assembly pathway.

For some time, two groups of T-antigen mutants with
postreplicative defects have been known, namely, the mutant
tsA1642 and the SV40 host range/adenovirus helper function
mutants. The temperature-sensitive mutation tsA1642 (18)
maps to a conserved proline in the middle of T antigen
(Pro-453 to Ser). Unlike most temperature-sensitive mutants
of T antigen, tsA1642 was reported to replicate at 30% of
wild-type levels, to make a stable T antigen and to make
substantial amounts of viral late proteins at the nonpermissive
temperature (41°C) in TC7 cells (18). Synthesis of VP1, VP2,
and VP3 appeared to be reduced only 5- to 10-fold relative to

that of the wild type, yet a 3-log decrease in virus yield was

observed upon growth of the virus at the nonpermissive
temperature. The mutant virus was unable to transform mouse

embryo fibroblasts, but tsA1642 was not defective in adenovi-
rus helper function.
The host range mutants, which map to the C terminus of T

antigen (16, 17, 50, 51, 64), produce stable, truncated T
antigens and replicate to near wild-type levels (12, 50). How-
ever, they are cold sensitive for growth on BSC monkey kidney
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FIG. 10. Immunoprecipitation of 35S-labelled viral proteins from dll066-infected BSC, wild-type (WT)-infected BSC, dlIO66-infected CVI,
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gradient fractionation. In these SDS gels, every other gradient fraction was precipitated with anti-SV40 antibody recognizing VPI and T antigen.
In the bottom right panel, a darker exposure of the lane corresponding to fraction 7 from the same gradients is shown. The panel depicting the
gradient frompm1493-infected CVI cells is labelled Agno CVI, reflecting that this virus is mutated in the initiation codon for the viral agnoprotein.

cells (50, 62) and, unlike wild-type virus, are unable to grow on
CV1 monkey kidney cells at any temperature (50, 64). Levels
of late transcripts and late protein accumulation are decreased
5- to 10-fold in host range mutant-infected nonpermissive CV1
cells (38, 61, 65). The late leader agnoprotein is undetectable
in these cells (38, 61); however, growth of the host range
mutants and manufacture of normal levels of capsid protein
are not complemented in agnoprotein-transformed CV1 cells
(59, 62). None of the host range mutants are transformation
defective. However, all which have been tested are defective in
adenovirus helper activity.
Here we show that the host range mutants are blocked in the

assembly of SV40 viral particles. SV40 virions are assembled
inefficiently in host range mutant-infected (permissive) BSC

cells. They appear not to be assembled at all in host range
mutant-infected (nonpermissive) CV1 cells. In pulse-chase
experiments to monitor virion assembly, wild-type SV40 chro-
matin follows the established pattern of progression from 1OOS
to 75S to 200S-240S assembled virion material. In pulse-chase
experiments, the host range mutants dll066 and dll 140, on the
other hand, build up large amounts of 75S chromatin, without
conversion to the 200S-240S form, particularly in nonpermis-
sive cells. This heavy accumulation of viral chromatin in the
nuclei of the host range mutants, without the ability to be
assembled and released, may explain the early cytopathic effect
which is so often seen in these cultures (16, 50).
The accumulation of 75S assembly intermediates by host

range mutants is reminiscent of similar patterns which have
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FIG. 11. Coimmunoprecipitations of dl1066 and wild-type (WT)
viral DNAs with VP1. 3H-viral DNAs were immunoprecipitated by
anti-SV40 serum recognizing VP1 from wild-type-infected BSC,
d11066-infected BSC, and d11066-infected CV1 sucrose gradient frac-
tions. Counts per minute of3H are plotted against the fraction number.
The solid diamonds indicate counts per minute per fraction of
3H-DNA in the precipitated pellets. The open squares indicate counts

per minute of DNA still left in the supernatant.

been reported to be characteristic of tsBC11 and tsC mutants

of SV40, as well as of the hr-t mutants of polyomavirus. Bina
and coworkers have shown that tsB, tsC, and tsBC mutants are

assembly defective because of temperature-sensitive lesions in
the SV40 VP1 capsid gene (5, 11, 44). Upon [3H]thymidine
labelling at the nonpermissive temperature, tsBC1 1 and the tsC

mutants accumulate 75S viral chromatin bound to few, if any,

capsid proteins, which fails to convert to 200S-240S virions (6,
23, 48). This is similar to the pattern which has been reported
for the hr-t mutants of polyomavirus, which carry mutations in
the gene encoding middle T antigen and are said to lack proper
VP1 phosphorylation (25, 26, 28). On the other hand, all tsB
and most tsBC mutants appear to accumulate both 75S parti-

cles and a novel 100S-160S assembly intermediate containing
all three capsid proteins (6, 7, 48). Bina et al. have suggested
that the tsC mutants are defective in the initiation of shell
assembly around viral chromatin and that tsB mutants are
defective in the following stage of shell propagation.
The results with our mutants, like those of Bina and

coworkers, suggest blockage at a 75S intermediate in the SV40
viral assembly pathway. Further work is required to determine
the mechanisms whereby our T antigen mutants are assembly
defective and to determine whether assemblies of the SV40 tsB
and tsC, polyomavirus hr-t, and SV40 T antigen mutants are
blocked at the same or different stages. Our preliminary data
indicate that d11066-infected cells, compared with wild-type-
infected cells, contain a much lesser percentage of 75S chro-
matin bound to VP1, suggesting that the host range mutation
prevents VP1 from binding to nascent viral chromatin. The
host range domain may act directly on assembly or by influ-
encing a cellular activity which exerts an indirect effect.
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