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To identify regions on the large T antigens of simian virus 40 (SV40) and polyomavirus which are involved
in oncogenic transformation, we constructed plasmids encoding hybrid polyomavirus-SV40 large T antigens.
The hybrid T antigens were expressed in G418 sulfate-resistant pools of rat F2408 cells, and extracts of such
pools were immunoprecipitated with an antibody against pS3. Two hybrid T antigens containing SV40 amino
acids 337 to 708 bound to p53, whereas another hybrid T antigen containing SV40 amino acids 412 to 708 did
not. This suggests that a binding domain on SV40 large T antigen for p53 is contained within amino acids 337
to 708, with amino acids 337 to 411 playing an important role. One of the two hybrids that bound to p53 was
chosen for further study. This T antigen contained SV40 large T antigen amino acids 336 to 708 joined to
polyomavirus large T antigen amino acids 1 to 521 (PyT, _s,,-SVT;34.70s)- Inmunoprecipitation with antibodies
directed against the product of the retinoblastoma susceptibility gene, p105-RB, showed that this hybrid bound
p105-RB as well as p53. Pools expressing the hybrid PyT, s,,-SVT,34 595 did not grow in soft agar, nor did they
form foci on confluent monolayers of nontransformed F2408 cells. The hybrid T antigen was expressed at levels
comparable to those seen in retrovirus-infected F2408 cells expressing only SV40 large T antigen, which do
show a transformed phenotype. Thus, this level of expression was sufficient for transformation by SV40 large
T antigen but not for the hybrid large T antigen. These data, combined with genetic studies from other
laboratories, suggest that complex formation with pS3 and p105-RB is necessary but not sufficient for the

oncogenic potential of papovavirus large T antigens.

Simian virus 40 (SV40) can transform both primary and
established cells in culture, and the large T antigen encoded
by the viral early region has been implicated in this process.
Indeed, vectors expressing only SV40 large T antigen can
transform established cells (2, 6, 30, 34). Large T antigen is
also capable of immortalizing and transforming cells in
primary culture (10, 31, 48). A variety of biochemical func-
tions are performed by the protein, including the ability to
specifically bind to the SV40 origin of DNA replication (16,
32) and enzymatic activities such as ATPase (23, 63) and
helicase (14, 59). None of these activities has been shown to
be required for transformation (1, 24, 33, 41, 50). The SV40
large T antigen has been found in association with the
transformation-related proteins pS3 (36, 38) and pl105-RB,
the product of the retinoblastoma (Rb) susceptibility locus
(15). Recent studies have led to the proposal that, in fact, p53
and pl105-RB are products of ‘‘anti-oncogenes’’ with tumor
suppressor activity (4, 20, 22, 29). A promising model for
oncogenic transformation by SV40 is that the binding of
SV40 large T antigen inactivates or alters the function of p53
and p105-RB and prevents them from exerting their normal
effects in cells, thereby contributing to the process of trans-
formation (22, 35, 68).

Polyomavirus large T antigen is highly similar to its
counterpart from SV40 in both sequence and function (see
reference 17). The two large T antigens are approximately
60% similar in amino acid sequence (58). Both are required
for the replication of their respective origins in cells (17) and
in vitro (37, 45, 60, 70). Polyomavirus large T antigen has
DNA-binding (13, 56), ATPase (9), and DNA helicase activ-
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ities (Wang and Prives, unpublished data) similar to those of
SV40 large T antigen. Unlike the SV40 T antigen, polyoma-
virus large T antigen is not the principal transforming protein
of polyomavirus; this activity resides with the middle T
antigen (51, 64), a cytoplasmically localized protein which
interacts with c-src at the plasma membrane (3, 11). Poly-
omavirus large T antigen is, however, required for immor-
talization of primary cells (12, 53) and is necessary for
middle-T-antigen-mediated transformation of such cells (51).
The large T antigen is also necessary for the ability of such
transformed cells to grow in low serum concentrations (51)
and to maintain the transformed phenotype (52). This activ-
ity of polyomavirus large T antigen appears to reside in the
amino 40% of the protein (52, 53). Polyomavirus large T
antigen also differs from SV40 large T antigen in that it is
unable to bind to the cellular protein p53 (40, 67), but it has
been shown to bind to p105-RB in vitro (18).

Previous studies have identified the p53 binding region on
SV40 large T antigen as residing in the carboxyl end of the
protein (42, 44, 57). As it is the amino-terminal end of
polyomavirus large T antigen which has been implicated in
its ability to immortalize primary cells (52, 53), we con-
structed hybrid large T antigens consisting of the carboxyl
end of SV40 large T antigen joined to the amino end of
polyomavirus large T antigen. One of the polyomavirus-
SV40 large T antigen hybrids was capable of binding both
p53 and pl05-RB but was not capable of transforming an
established cell line, rat F2408 fibroblasts.

MATERIALS AND METHODS

Plasmids, cells, and antibodies. pSVBam is plasmid
pBR322 with the entire SV40 genome inserted into its
BamHI site. pSVLT is the plasmid pMK 16 with the entire
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SV40 genome lacking the large T antigen intron (SV40
nucleotides 4917 to 4572) inserted into its EcoRI site.
pPyBam is the plasmid pAT153 with the entire polyomavirus
genome inserted into its BamHI site. pPyLT (73) is the
plasmid pAT153 (Aval™) with the entire polyomavirus ge-
nome lacking the large T antigen intron (polyomavirus
nucleotides 412 to 796) inserted into its BamHI site. pkoneo
(65) is a plasmid containing the coding region for aminogly-
coside phosphotransferase II under control of the SV40
early-region promoter; expression of this enzyme confers
resistance to the antibiotic G418 sulfate.

The F2408 established rat fibroblastic cell line exhibits a
low background in standard transformation assays (49) and
has been used in studies of polyomavirus-mediated transfor-
mation (64). F2408 cells were maintained in Dulbecco mod-
ified Eagle medium (DMEM) containing 10% fetal calf serum
(complete medium). Hybridoma lines expressing monoclo-
nal antibodies against both SV40 (PAb 419 and 101) and
polyomavirus large T antigens (F4) as well as the cellular
protein pS53 (PAb 421) were maintained in RPMI medium
(GIBCO Laboratories, Grand Island, N.Y.) containing 10%
fetal calf serum. PAb 419 recognizes an epitope on the amino
end of SV40 large T antigen (28). PAb 101 recognizes an
epitope on the carboxyl end of SV40 large T antigen (8). PAb
F4 was raised against the polyomavirus small T antigen and
therefore recognizes an epitope at the amino terminus of
polyomavirus large T antigen (46). PAb 421 is specific for p53
from a variety of species (28). Monoclonal antibody Rb-
PMG3-245 reacts with pl05-RB from primate sources (15)
and was purchased from Pharmingen (San Diego, Calif.).
Polyclonal rabbit serum raised against polyomavirus small T
antigen (46) was a kind gift of D. Pallas (Dana-Farber Cancer
Institute, Boston, Mass.).

Constructs expressing hybrid polyomavirus-SV40 large T
antigens. pPySV1 was constructed by inserting the Ndel-
BamHI fragment of pSVLT (SV40 nucleotides 3808 to 2533)
into the corresponding region of pPyLT. pPySV2 was con-
structed by digesting pPySV1 with MstII and Ndel, filling
the resulting ends with Klenow, and ligating. pPySV3 was
constructed by digesting pPySV1 with Nsil, isolating the
larger fragment, and ligating it.

Expression of hybrid large T antigens in F2408 cells.
Subconfluent 60-mm dishes of rat F2408 cells were cotrans-
fected with 2 pg of the plasmid expressing the appropriate
large T antigen and 0.4 pg of pkoneo in the form of a calcium
phosphate precipitate (25) for 16 h. Cells were washed with
complete medium and allowed to recover for 24 h. Cells
were then selected in complete medium containing 800 pg of
G418 sulfate per ml, being fed every 5 days. After 2 weeks,
approximately 100 to 200 colonies were pooled and passaged
as a pool.

Immunoprecipitations. Confluent 150-mm dishes of the
appropriate G418 sulfate-resistant pools were lysed in 3 ml of
0.5% sodium deoxycholate-2% Nonidet P-40-0.2% sodium
dodecyl sulfate (SDS)-50 mM NaCl-25 mM Tris hydrochlo-
ride (pH 7.5) containing the protease inhibitors phenylmeth-
ylsulfonyl fluoride (1 mM), aprotinin (50 pg/ml), and leupep-
tin (50 wM) for 15 min on ice. Lysates were spun at 20,000 X
g for 15 min, and the supernatant was saved. Protein level
was determined by the bichinchonic acid protein assay
(Pierce Chemical Company, Rockford, Ill.), and appropriate
amounts of protein were incubated on ice for 1 h with either
200 pl of hybridoma supernatants or 5 ng of Rb-PMG3-245
or a nonspecific immunoglobulin G1 (IgG1) control. A solu-
tion of 50 pl of 50% protein A-Sepharose in phosphate-
buffered saline was mixed with 10 ug of goat anti-mouse IgG,
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and the mixture was rocked at 4°C, also for 1 h. The
Sepharose beads were pelleted, washed twice with 200 ul of
lysis buffer, and suspended in 50 pl of lysis buffer. This was
added to the antibody-cell lysate mixture and rocked at 4°C
for 2 h. The beads were again pelleted, washed three times
with 0.5% sodium deoxycholate-0.2% Nonidet P-40-50 mM
NaCl-25 mM Tris hydrochloride (pH 7.5). Pellets were
suspended with 50 ul of 1x SDS sample buffer (2% SDS,
10% glycerol, 5% B-mercaptoethanol in 62.5 mM Tris hydro-
chloride [pH 6.8]), and then samples were treated at 95°C for
S min and spun for 5 min in a microcentrifuge. Samples were
loaded on 10% SDS-polyacrylamide gels and electro-
phoresed at 150 V constant voltage for 3 h. Samples were
transferred to nitrocellulose paper overnight. The paper was
probed with either undiluted hybridoma supernatant or a
1:2,000 dilution of rabbit anti-polyomavirus small T antigen
polyclonal serum in 1% nonfat dry milk (Carnation Com-
pany, Los Angeles, Calif.) in phosphate-buffered saline.
Second antibody was a horseradish peroxidase-conjugated
anti-mouse or anti-rabbit IgG. Signal was developed by using
4-chloro-1-naphthol.

Growth on confluent monolayers of F2408 cells. Confluent
dishes of F2408 cells were split 1:4 into an appropriate
number of 60-mm dishes the day before the assay. Then, 500
or 1,000 cells were plated either on fresh 60-mm dishes or on
the dishes containing rat F2408 cells. These were fed every
S days with fresh complete medium. At the appropriate time,
cells were stained with 1% crystal violet in 20% ethanol, and
foci larger than 0.5 mm in diameter were scored as positive
without the aid of a microscope.

Growth in soft agar. A total of 2,000 cells were plated on
60-mm dishes in 0.33% agar in complete medium on a bed of
0.5% agar in complete medium. Cells were fed every 7 days
with 0.33% agar in complete medium. Colony formation was
scored after 35 days by examining the plates against a dark
background without magnification.

Retroviral infection of F2408 cells. ¥, lines constitutively
producing the TEXS6 (encoding the SV40 large T antigen
and G418 sulfate resistance) and the ZIPNEO (encoding
G418 sulfate resistance alone) viruses (6) were a kind gift of
I. Bikel (Dana-Farber Cancer Institute, Boston, Mass.).
Titers of these viruses on F2408 cells were 5.7 X 10° CFU/ml
for TEXS6 and 1.0 x 10° CFU/ml for ZIPNEO. Plates of
these producer lines (75% confluent, 60-mm plates) were fed
with 4 ml of fresh DMEM containing 10% calf serum. After
16 to 24 h, this medium was removed and centrifuged at 400
X g to pellet cells and debris. The old medium was removed
from 100-mm plates of F2408 cells, and 2 ml of the virus-
containing supernatant supplemented with 8 ug of Polybrene
(30) was added. Plates were rocked at 37°C for 2 h, and then
8 ml of DMEM containing 10% fetal calf serum was added.
When these virally infected cells were confluent, they were
split 1:10 into complete medium containing G418 sulfate (800
ng/ml). Selection was complete in 8 to 10 days, and approx-
imately 100 to 200 colonies were pooled and passaged as a
pool.

RESULTS

PyT,.727-SVT337.70s and PyT, s;,-SVT336708, bind pS3,
whereas PyT,; 45,-SVT,;,.70s does not. By using preexisting
restriction enzyme cleavage sites, plasmids encoding hybrid
large T antigens were constructed. These hybrid T antigens
consisted of an amino-terminal fragment of polyomavirus
large T antigen joined to a carboxyl-terminal fragment of
SV40 large T antigen. These T antigens are expressed from
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FIG. 1. Hybrid polyomavirus-SV40 large T antigens. Schematic illustrations of the three polyomavirus-SV40 hybrid large T antigens
constructed in this study. Polyomavirus nucleotide and amino acid numbers are shown in roman type; SV40 nucleotide and amino acid

numbers are italicized and underlined.

the native polyomavirus early promoter but have the SV40
large T antigen 3'-end processing signals. The plasmid
pPySV1 encodes a hybrid large T antigen containing the first
727 amino acids of polyomavirus large T antigen joined to
amino acids 337 to 708 of SV40 large T antigen (PyT; ,,;-
SVTs3,.908, Fig. 1). The MstlI-Ndel fragment of pPySV1
was deleted to create plasmid pPySV2, which encodes a
hybrid containing amino acids 1 to 521 of polyomavirus T
antigen joined to amino acids 336 to 708 of SV40 T antigen
(PyT;.551-SVT336 708, Fig. 1). The Nsil fragment of pPySV1
was deleted, creating pPySV3, which encodes a hybrid large
T antigen containing the first 451 amino acids of polyomavi-
rus T antigen joined to amino acids 412 to 708 of SV40 T
antigen (PyT;_45,-SVT,15.708, Fig. 1).

We wanted to constitutively express these hybrid proteins

in cells without prior selection for a particular phenotype and
then examine the cells for complex formation between the T
antigens and pS53 and pl105-RB, as well as for their level of
transformation. Thus, we cotransfected plasmids expressing
large T antigens with a plasmid that encodes resistance to
G418 sulfate, pkoneo, and performed a selection. From 100
to 200 different colonies were pooled and analyzed as pools.
Such an approach allows study of a large number of colonies
at the same time rather than restricting analysis to a small
number of individual cell lines. This approach has been used
by others in studies of both SV40 large T antigen (6) and
polyomavirus large T antigen (12). Samples of extracts of
such pools were run on a 10% SDS-polyacrylamide gel,
transferred to nitrocellulose, and probed for the presence of
a T antigen. PyT, 45,-SVT,,.508 Was expressed at a level
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FIG. 2. PyT;.757-SVTs37.50s and PyT, 5,,-SVT;34.505 bind p33, but PyT, 45,-SVT,;5.70s does not. (a) Cell extracts (50 wl) expressing the
indicated plasmids were run on a 10% SDS-polyacrylamide gel, transferred to nitrocellulose, and probed with a 1:2,000 dilution of rabbit
anti-polyomavirus small T antigen serum. (b) The same extracts (900 wl) were immunoprecipitated with PAb 421, run on a 10%
SDS-polyacrylamide gel, transferred to nitrocellulose, and probed with a 1:2,000 dilution of rabbit anti-polyomavirus small T antigen serum.
Lanes labeled ‘‘none’’ are pools generated by transfection with vector DNA pAT153. The two lanes labeled pPySV3 represent two
independently derived pools transfected with the plasmid pPySV3. (a) The upper band seen in the lanes labeled pPySV3 is not related to T
antigen expression, as it was also seen in a pool generated by transfection with vector DNA. (a and b) Positions of marker proteins, whose
molecular masses in kilodaltons (kd) are indicated on the left. Arrows to the right of each panel indicate the position of each hybrid large T

antigen.

comparable to PyT; ;5,-SVT33; 505 and PyT,; 5,-SV T34 708
(Fig. 2a). The remaining extracts were then immunoprecip-
itated with PAb 421 and similarly electrophoresed, trans-
ferred, and probed. PAb 421 (28) is a monoclonal antibody
directed against the extreme carboxyl terminus of the cellu-
lar protein p53 (66) that does not cross-react with either
SV40 (28) or polyomavirus (67) large T antigen. Whereas
PyT, 7,7-SVT337.908 and PyT; 55,-SVT;;36 705 Were coimmu-
noprecipitated with p53 by PAb 421, PyT,_,5,-SVT,;5.70s Was
not (Fig. 2b). These results indicate that SV40 amino acids
337 to 708 contain the p53 binding site and amino acids 337
to 411 are important for such binding.

Hybrid nature of PyT, s,,-SVT;36.,0s confirmed. Since
PyT, 551-SVT336.708 Was expressed at a slightly higher level
than PyT, ;,,-SVTs3,.505 (Fig. 2a), we chose to study it in
more detail. The plasmid pPySV2 as well as plasmids
containing the entire SV40 genome (pSVBam) and the entire
polyomavirus genome (pPyBam) were expressed in rat
F2408 cells after cotransfection with pkoneo and G418
sulfate selection. Extracts of each of these pools were
immunoprecipitated with a variety of monoclonal antibodies
directed against both SV40 and polyomavirus large T anti-
gens, and then these immunoprecipitates were immunoblot-
ted to detect the various T antigens. Since such blots show
steady-state levels of the T antigens, they demonstrate the
actual levels in cells and demonstrate that the proteins are, in
fact, stable. The specificity of these various antibodies is
shown in Fig. 3. PAbs 419 and 101, which have epitopes at
the amino and carboxyl ends, respectively, of SV40 large T
antigen, both immunoprecipitated SV40 large T antigen but
not polyomavirus large T antigen. PAb F4, which reacts with
an epitope at the amino terminus of polyomavirus large T
antigen, immunoprecipitated polyomavirus large T antigen
but not SV40 large T antigen. Consistent with its hybrid
nature, PyT;_s,,-SVT;;¢ 505 Was immunoprecipitated by PAb
101 and F4 but not by PAb 419.

The most appropriate plasmids for comparison were
pSVLT and pPyLT, which encode SV40 large T antigen
alone and polyomavirus large T antigen alone, respectively.
However, expression of these plasmids in F2408 cells re-
sulted in barely detectable levels of expression (data not
shown). Indeed, when pSVLT-transfected pools were exam-
ined in transformation assays, the cells appeared to be
phenotypically normal (Table 1). Previous studies in which
SV40 large T antigen was expressed alone from its native
promoter as a virus showed a low efficiency of transforma-
tion, and therefore the approach was to use retroviruses
expressing SV40 large T antigen for comparison, leading to a
higher transformation frequency (2). Thus, expression of
either SV40 or polyomavirus large T antigen cDNAs from
their respective native promoters in F2408 cells cannot be
used as an adequate control for the experiments presented
here. Our further studies therefore compared expression of
the hybrid with the large T antigens encoded by pSVBam
and pPyBam, plasmids which contain the complete SV40
and polyomavirus genomes, respectively, as well as with the
SV40 large T antigen expressed by a recombinant retrovirus,
TEXS6 (see below).

As was just noted, transfection of F2408 cells with the
plasmid pPyL T, which encodes only polyomavirus large T
antigen, resulted in barely detectable levels of T antigen
(data not shown). In contrast to cells transfected with
pPyLT, cells transfected with pPyBam, which encodes all
three polyomavirus T antigens, showed readily detectable
levels of polyomavirus large T antigen upon transfection and
subsequent selection (Fig. 3, pPyBam). This may be related
to the correlation between introns and higher expression
levels described in previous reports (5, 7, 26, 27). Surpris-
ingly, upon transfection of cells with pPySV2 (lacking the
intron), the hybrid polyomavirus-SV40 large T antigen was
expressed at levels comparable to those of polyomavirus
large T antigen in cells transfected with pPyBam (containing
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FIG. 3. Hybrid nature of PyT, s,;-SVTs;4.505 confirmed by im-
munoprecipitation with monoclonal antibodies. Cell lysate protein
(125 pg) from each G418 sulfate-resistant pool of F2408 cells
expressing the indicated plasmid was immunoprecipitated with PAb
419 (epitope is contained between amino acids 1 and 82 of SV40
large T antigen), PAb 101 (epitope is contained within amino acids
522 to 610 of SV40 large T antigen), PAb F4 (epitope is contained
within amino acids 1 to 79 of polyomavirus large T antigen), or PAb
421 (epitope is at the extreme carboxyl terminus of p53). Samples
were run on 10% polyacrylamide gels, transferred to nitrocellulose,
and probed either with undiluted PAb 101 (pSVBam) or with a
1:2,000 dilution of rabbit anti-polyomavirus small T antigen serum
(remaining plasmids). Arrows to the left indicate the positions of
relevant marker proteins in kilodaltons (kd).

the intron) (Fig. 3). Thus, the presence of both polyomavirus
and SV40 sequences in this plasmid, even though it lacks an
intron, allows greater levels of expression of the hybrid T
antigen than were detected with plasmids lacking introns but
encoding either polyomavirus or SV40 large T antigen alone
(data not shown). Previous studies with the expression of
SV40 late-region transcripts lacking introns have shown that
the defect is posttranscriptional (26, 27) and is related to
mRNA stability in the nucleus and subsequent transport to
the cytoplasm (54). Whether the greater level of expression
of the polyomavirus-SV40 large T antigen that was observed
here is related to altered transcription of the DNA, transla-
tion of the RNA, or stability of the protein remains to be
determined.

PyT,.551-SVT336.705 binds to both p53 and p105-RB. Ex-
tracts of G418 sulfate-resistant pools were immunoprecipi-
tated with PAb 421, electrophoresed on 10% SDS—polyacryl-
amide gels, transferred to nitrocellulose, and probed for the
presence of large T antigen in the immunoprecipitates. Both
SV40 large T antigen and PyT,_5,,-SVT;34.705 Were immuno-
precipitated by PAb 421, whereas polyomavirus large T
antigen was not (Fig. 3). The amounts of T antigen that were
immunoprecipitated by PAb 421 relative to the amounts
immunoprecipitated by PAb 101 for both SV40 T antigen and
the hybrid T antigen were similar. This suggests that the
same relative proportion of each T antigen was bound to p53.

Immunoprecipitation with the antibody Rb-PMG3-245
(15), directed against p105-RB, the protein encoded by the
retinoblastoma susceptibility gene, can be used to demon-
strate complex formation between large T antigens and
pl105-RB (15, 21). In order to detect such complex formation,
it was necessary to immunoprecipitate six times as much
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TABLE 1. Growth of G418 sulfate-resistant pools on confluent
monolayers of F2408 cells

No. of foci on No. of colonies Relative plating

Plasmid* F2408 cells” on plastic” efficiency
Exp 1
pSVBam 158 = 19 216 * 30 0.73
pSVLT 2+1 173 = 16 <0.02
pPyBam ND¢ ND ND
pPyLT 2+1 224 20 <0.01
pPySV2 3+3 288 + 11 <0.01
pAT153 ND ND ND
None 2+1 158 = 34 <0.02
Exp 11
pSVBam 523 + 43 580 = 72 0.90
pSVLT ND ND ND
pPyBam 195 = 76 472 = 80 0.41
pPyLT ND ND ND
pPySV2 2+2 545 + 39 <0.01
pAT153 9+2 657 = 78 <0.02
None 2+1 712 = 120 <0.01
Exp 111
pSVBam 315 = 45 366 + 17 0.86
pSVLT ND ND ND
pPyBam 202 = 49 324 = 12 0.62
pPyLT ND ND ND
pPySV2 1+1 492 + 58 <0.01
pAT153 4+1 569 = 68 <0.01
None 0 588 = 117 <0.01

“ pSVBam encodes the entire SV40 genome, pSVLT encodes SV40 large T
antigen alone, pPyBam encodes the entire polyomavirus genome, pPyLT
encodes polyomavirus large T antigen alone, pPySV2 encodes the hybrid T
antigen PyT| 55,-SVT;;4.7s. and pAT153 is the vector backbone. Either 500
(experiment I) or 1,000 (experiments II and III) cells were plated per 60-mm
dish.

# Average number of foci or colonies of =0.5 mm in diameter per 60-mm
dish = standard deviation (n = 5), scored at 10 days after plating.

< Relative plating efficiency was calculated as average number of foci on
F2408 cells/average number of colonies on plastic.

4 ND, Not determined.

extract as was used in the already mentioned immunopre-
cipitations (750 versus 125 pg). Even with this large amount
of extract, we have been unable to demonstrate complex
formation between SV40 large T antigen and p105-RB in rat
F2408 cells (data not shown). Polyomavirus large T antigen,
however, was immunoprecipitated by the anti-p105-RB an-
tibody (Fig. 4, pPyBam), as was PyT,_s,,-SV T334 505 (Fig. 4,
pPySV2). Clearly, only a very small amount of the total T
antigen expressed in these cells, as determined by parallel
immunoprecipitation with PAb F4, was immunoprecipitated
by the Rb-PMG3-245 antibody (anti-p105-RB).

PyT,_55,-SVT136.70s does not transform rat F2408 cells. Two
assays were performed to assess the transformation state of
the G418 sulfate-resistant pools: the ability to form foci on
confluent monolayers of normal cells and the ability to grow
in soft agar. For both assays, data are presented here from
analyses of G418 sulfate-resistant pools (Table 1 and Fig. 5).
Identical results were obtained from analyses of individually
picked clones (data not shown). Pools expressing the whole
SV40 genome formed foci on confluent monolayers of non-
transformed F2408 cells with an efficiency of 86 to 90%
(Table 1, pSVBam), whereas pools expressing the whole
polyomavirus genome formed foci at a lower efficiency (41 to
62%, Table 1, pPyBam) and formed these foci at a slower
rate (data not shown). Pools expressing the hybrid T antigen
PyT,_55,-SVT336.70s did not form observable foci (Table 1,
pPySV2), even after 20 days (data not shown).

Pools expressing the whole SV40 genome grew in soft agar
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FIG. 4. PyT, s5,-SVT336 708 binds pl05-RB. Cell lysate protein
(750 pg) from each G418 sulfate-resistant pool of F2408 cells
expressing the indicated plasmid was immunoprecipitated with PAb
F4, Rb-PMG3-245, or a control IgG1 antibody. Samples were run on
10% polyacrylamide gels, transferred to nitrocellulose, and probed
with a 1:2,000 dilution of rabbit anti-polyomavirus small T antigen
serum. Arrows to the left indicate the positions of relevant marker
proteins in kilodaltons (kd). The faint band seen in the PAb F4
immunoprecipitate of the pAT153-transfected pool is not related to
T antigen, since it was only occasionally observed and was seen in
the parental F2408 cell line as well.

at a low efficiency (6 to 13%), and the colonies that formed
were small (Fig. 5, pSVBam). In contrast, the pools express-
ing the whole polyomavirus genome grew more efficiently in
soft agar (13 to 20%), and the colonies were much larger than
those seen with the whole SV40 genome (Fig. S, pPyBam).
Pools expressing PyT; s5;-SVT;36.50s formed extremely
small colonies which were not large enough to be scored
(Fig. 5, pPySV2). This low level of inefficient growth is
apparently related to the expression of resistance to G418
sulfate, as such growth was also observed in G418 sulfate-
resistant pools derived by cotransfection with vector DNA
but not with untreated F2408 cells (Fig. 5, pAT1S3 and
F2408). Thus, pools expressing PyT;_s,;-SV T3¢ 705 did not
form foci on confluent monolayers of normal F2408 cells, nor
did they grow in soft agar.

Level of expression sufficient for transformation by SV40
large T antigen is not sufficient for PyT, ,,-SVT;34 50s. Hav-
ing established that transfection with pSVBam but not
pPySV2 produced cells with a transformed phenotype as
seen in two different assays, we were concerned that this
might be related to differences in the levels of the T antigens
that were expressed by either construct. Various amounts of
extracts of G418 sulfate-resistant pools expressing either the
SV40 early region or the hybrid encoded by pPySV2 were
immunoprecipitated with PAb 101. These immunoprecipi-
tates were run on a 10% polyacrylamide gel, transferred to
nitrocellulose, and probed with the same antibody, PAb 101
(Fig. 6a). The levels of SV40 large T antigen that were
expressed were clearly higher than those of the hybrid T
antigen PyT, 5,,-SVT536.705- As the amount of SV40 large T
antigen observed in 100 pg of extract was similar to that of
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FIG. 5. Growth of G418 sulfate-resistant pools in soft agar. A
total of 2,000 cells of each G418 sulfate-resistant pool expressing the
indicated plasmid were plated in 0.33% agar on a bed of 0.5% agar
in 60-mm dishes. After 35 days, plates were photographed against a
dark background without magnification.

the hybrid T antigen in 400 pg of extract, there was approx-
imately fourfold more SV40 large T antigen than PyT, s,;-
SVT;36.708 in these pools.

These results raised two possible explanations for the
inability of the hybrid T antigen to transform cells. First, its
level of expression in these pools was too low to observe
transformation. Second, the expression of SV40 small t
antigen (encoded by pSVBam) is also necessary. To address
these possibilities, pools of G418 sulfate-resistant F2408
cells were generated by infection with TEXS6, a retrovirus
expressing only SV40 large T antigen, which was previously
shown to transform NIH 3T3 cells (6). Immunoprecipitation
of various amounts of extracts of these pools was compared
with that of two independently established pools expressing
the hybrid T antigen PyT, s,,;-SVT336.405 (Fig. 6b). In this
case, the levels of T antigen expression among these pools
were comparable. In contrast to what was observed with
pools of cells expressing PyT; s,;-SVT534 505 (Fig. 5), the
retrovirus-infected pool expressing SV40 large T antigen
formed many more colonies in soft agar (mean * standard
deviation, 153 = 69; n = 5) than the ZIPNEO-infected pool
(7 = 3; n = 5) and uninfected F2408 cells 3 = 3; n = 5).
Thus, when expressed at comparable levels, expression of
SV40 large T antigen in the absence of small t antigen
produces cells with a transformed phenotype, whereas
expression of the hybrid T antigen does not.

DISCUSSION

p53 binding site on SV40 large T antigen. Genetic studies
with deletion mutants have localized the binding site for p53
on SV40 large T antigen to the carboxyl half of the protein
(42, 44). Tevethia et al. (62) have shown that a deletion
mutant lacking amino acids 627 to 708 still binds p53. Mole et
al. (43) constructed a chloramphenicol acetyltransferase
fusion protein containing SV40 large T antigen amino acids
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FIG. 6. Comparison of T antigen levels in G418 sulfate-resistant
pools expressing SV40 large T antigen and PyT, s5,-SVT336.70s- (@)
The indicated amounts of cell Iysate protein from G418 sulfate-
resistant pools of F2408 cells expressing either pSVBam or pPySV2
were immunoprecipitated with PAb 101. (b) The indicated amounts
of cell lysate from G418 sulfate-resistant pools of F2408 cells
infected with the TEXS6 retrovirus or two independently derived
pools of F2408 cells transfected with pPySV2 were immunoprecip-
itated with PAb 101. Samples were run on a 10% polyacrylamide gel,
transferred to nitrocellulose, and probed with undiluted PAb 101
hybridoma supernatant. Arrows to the left indicate the positions of
relevant marker proteins in kilodaltons (kd).

272 to 708 which binds p53. Schmieg and Simmons (57),
using controlled proteolysis of purified SV40 large T antigen,
identified a fragment consisting of amino acids 131 to 517
which binds p53 in vitro. We have constructed hybrid
SV40-polyomavirus large T antigens which contain amino
acids 337 to 708 of SV40 large T antigen that are capable of
binding p53 (Fig. 2 and 3). Hence, a putative binding region
for p53 is amino acids 337 to 517.

Peden et al. (47) have identified base substitution and
deletion mutations in the vicinity of amino acids 570 to 588
which abolish p53 binding. Tevethia et al. (62) have charac-
terized a deletion mutant missing amino acids 587 to 589
which does not bind p53. Tack et al. (61) have shown that, in
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fact, a base substitution mutation at amino acid 584 affects a
number of functions of SV40 large T antigen, including the
ability to hydrolyze ATP and to oligomerize. This suggests
that the region of amino acids 570 to 588 may play a general
structural role and is not necessarily contained within the
domain of SV40 large T antigen which contacts p53.

Our studies with a hybrid T antigen containing SV40 large
T amino acids 412 to 708 which does not bind p53 implicate
the region of amino acids 337 to 411 as crucial in the binding
of p53. Indeed, a comparison of the amino acid sequences of
three p53-binding T antigens (those of SV40, JC virus, and
BK virus) with that of polyomavirus large T antigen (Fig. 7)
shows that the region of greatest sequence similarity be-
tween the p53-binding T antigens and the greatest sequence
dlvergence with polyomavirus large T antigen falls between
amino acids 337 and 411. The 58-kilodalton protein encoded
by the E1B RNA of adenovirus type 5 has also been shown
to bind to p53 (55, 72), whereas the corresponding protein
from adenovirus type 12 does not (39, 72). A short stretch of
amino acids, 481 to 497, of SV40 large T antigen shows some
sequence similarity to amino acids 67 to 84 of E1B from
adenovirus type 5 but not type 12 (Fig. 7), suggesting that
this region may also play a role in the binding of p53.

p105-RB binding site on SV40 and polyomavirus large T
antigens. DeCaprio et al. (15) have identified several base
substitution and deletion mutants of SV40 large T antlgen
which do not bind p105-RB. The substitutions are at amino
acids 107, 108, and 112 and at 105 and 114; the deletions are
amino acids 107 to 113 and 92 to 114. The regions of the
adenovirus E1A protein which bind the Rb gene product
have recently been identified (69). Comparison of the amino
acid sequences of these regions with that of SV40 large T
antigen and the E7 protein of human papillomavirus 16 are
consistent with the results found with the substitution and
deletion mutants, implicating the region of amino acids 99 to
117 in the binding of the Rb gene product by SV40 large T
antigen.

Comparison of the amino acid sequence of polyomavirus
large T antigen with these other DNA tumor virus transform-
ing proteins shows that amino acids 138 to 157 of polyoma-
virus large T antigens have similar key residues (18). Studies
of the binding of hybrid SV40-polyomavirus large T antigens
to p105-RB show that hybrids containing polyomavirus large
T antigen amino acids 1 to 727 (data not shown) or 1 to 521
(Fig. 4) bind to pl05-RB. This suggests that the binding
region on polyomavirus large T antigen for pl05-RB is
contained within its first 521 amino acids.

Implications for the mechanism of oncogenic transforma-
tion. The general model that has been proposed for the
mechanism of oncogenic transformation by DNA tumor
viruses is that the transforming proteins of these viruses bind
to and inactivate the functions of the products of tumor
suppressor genes, namely pS3 and pl05-RB (22, 35, 68).
Experiments have been presented here demonstrating that a
hybrid polyomavirus-SV40 large T antigen which binds to
both of these proteins (Fig. 2 to 4) still does not transform
established rat cells (Fig. 5 and Table 1). The preliminary
studies with G418 sulfate-resistant pools of transfected
F2408 cells suggested two possibilities. First, the level of
SV40 large T antigen in the pools expressing the entire SV40
early region was greater than that seen with the hybrid large
T antigen (Fig. 6a). Second, the cells transfected with the
SV40 early region were presumably also expressing small t
antigen, whereas those expressing the hybrid T antigen were
not; a role for small t antigen in transformation by SV40 large
T antigen has been suggested, particularly under conditions
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FIG. 7. Sequence comparison of the putative p53 binding region of papovavirus large T antigens. The amino acid sequence of SV40 large
T antigen (SV T) from residues 337 to 517 is shown aligned to the corresponding region of two other p53-binding papovavirus large T antigens,
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bind p53. Regions of amino acid identity or conservation are boxed; those shared only by the p53-binding T antigens are shaded. The vertical
arrow indicates SV40 large T antigen amino acid 412. Also indicated is a short stretch of amino acid similarity between these T antigens and
the 58-kilodalton protein of the E1B region of adenovirus type 5 (AdS), which also binds p53. The corresponding protein from adenovirus type

12 (Ad12) does not bind p53 and is also shown for comparison.

in which the level of expression of the large T antigen is
limiting (2). To rule out this latter possibility, transfected
pools of cells expressing the hybrid large T antigen were
compared with pools of cells which had been infected with a
retrovirus which encoded only large T antigen and not small
t antigen. Expression of a level of SV40 large T antigen
comparable to that seen with the hybrid large T antigen (Fig.
6b) in the absence of small t antigen expression caused
transformation of rat F2408 cells. Thus, neither the presence
of small t antigen nor the level of protein expression is an
adequate explanation for the failure of the hybrid large T
antigen to transform cells.

Clearly, simple binding of p53 and p105-RB by a large T
antigen as detected by immunoprecipitation is not sufficient
for oncogenic transformation. Several potential explanations
may serve as the basis for further experimentation. First, the
hybrid large T antigen may not be quantitatively binding and
inactivating all of the relevant p53 or p105-RB in these cells.
Second, the binding site for p105-RB in the hybrid protein is
derived from polyomavirus large T antigen. Since polyoma-
virus large T antigen alone was reported not to transform
cells, in contrast to SV40 large T antigen, there may be
functional differences between the p105-RB binding sites on
these two T antigens. Third, there may be important inter-
actions between p53 or p105-RB and other cellular proteins
which are disrupted by the binding of these tumor suppres-
sor proteins by a transforming large T antigen such as SV40
but not by the hybrid large T antigen. Finally, something
other than interactions with either p53 or p105-RB may be
involved. For example, the binding of another cellular
protein, pl07, has been implicated in transformation by
SV40 large T antigen (19, 21). Mutants with mutations in the
amino-terminal domain of SV40 T antigen which do not bind

p105-RB also do not bind p107 (19, 21). Since it has yet to be
demonstrated whether polyomavirus large T antigen also
binds pl07, one explanation for the failure of the hybrid
protein to transform may be its inability to bind to p107 or
some other cellular factor, such as the adenovirus E1A-
binding protein p300. The binding of p300 by E1A has been
implicated in transformation by adenovirus (69).

Genetic studies have shown that mutants of SV40 large T
antigen which do not bind either p53 or pl05-RB have a
reduced ability to transform cells; such binding is necessary
for the oncogenic potential of SV40 large T antigen. The
studies reported here show that a polyomavirus-SV40 hybrid
large T antigen which is capable of binding to both p53 and
pl05-RB does not transform established rat cells. Further
attempts to reconstitute the transforming ability of SV40
large T antigen through the use of polyomavirus-SV40 hy-
brids will be important to delineate which interactions of T
antigen are sufficient for its oncogenic potential.

ACKNOWLEDGMENTS

We thank Ella Freulich and David Perlstein for excellent technical
assistance. We also thank Suzie Chen for F2408 cells, the plasmid
pkoneo, and technical advice concerning transformation assays;
Ilan Bikel for advice concerning retrovirus infections; and, finally,
we particularly appreciate the help of Diane Robins with the
transfection and selection protocols.

This work was supported by Public Health Service grant CA33620
from the National Cancer Institute.

LITERATURE CITED

1. Auborn, K., M. Guo, and C. Prives. 1989. Helicase, DNA-
binding, and immunological properties of replication-defective
simian virus 40 mutant T antigens. J. Virol. 63:912-918.



5258

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

MANFREDI AND PRIVES

Bikel, I., X. Montano, M. E. Agha, M. Brown, M. McCormack,
J. Boltax, and D. M. Livingston. 1987. SV40 small t antigen
enhances the transformation activity of limiting concentrations
of SV40 large T antigen. Cell 48:321-330.

. Bolen, J. B., C. J. Thiele, M. A. Israel, W. Yonemoto, C. A.

Lipsich, and J. S. Brugge. 1984. Enhancement of cellular src
gene product-associated tyrosyl kinase activity following poly-
oma virus infection and transformation. Cell 38:767-777.

. Bookstein, R., J. Shew, P. Chen, P. Scully, and W. Lee. 1990.

Suppression of tumorigenicity of human prostate carcinoma
cells by replacing a mutated RB gene. Science 247:712-715.

. Brinster, R. L., J. M. Allen,R R. Behringer, R. E. Gelinas, and

R. D. Palmiter. 1988. Introns increase transcriptional efficiency
in transgenic mice. Proc. Natl. Acad. Sci. USA 85:836-840.

. Brown, M., M. McCormack, K. G. Zinn, M. P. Farrell, 1. Bikel,

and D. M. Livingston. 1986. A recombinant murine retrovirus
for simian virus 40 large T cDNA transforms mouse fibroblasts
to anchorage-independent growth. J. Virol. 60:290-293.

. Buchman, A. R., and P. Berg. 1988. Comparison of intron-

dependent and intron-independent gene expression. Mol. Cell.
Biol. 8:4395-4405.

. Carroll, R. B., and E. G. Gurney. 1982. Time-dependent matu-

ration of the simian virus 40 large T antigen-p53 complex studied
by using monoclonal antibodies. J. Virol. 44:565-573.

. Clertant, P., P. Gaudray, E. May, and F. Cuzin. 1984. The

nucleotide binding site detected by affinity labeling in the large
T proteins of polyoma and SV40 viruses is distinct from their
ATPase catalytic site. J. Biol. Chem. 259:15196-15203.

Colby, W. W, and T. Shenk. 1982. Fragments of the simian
virus 40 transformmg gene facilitate transformation of rat em-
bryo cells. Proc. Natl. Acad. Sci. USA 79:5189-5193.
Courtneidge, S. A., and A. E. Smith. 1983. Polyoma virus
transforming protein associates with the product of the c-src
cellular gene. Nature (London) 303:435-439.

Cowie, A., J. de Villiers, and R. Kamen. 1986. Immortalization
of rat embryo fibroblasts by mutant polyomavirus large T
antigens deficient in DNA binding. Mol. Cell. Biol. 6:4344-4352.
Cowie, A., and R. Kamen. 1984. Multiple binding sites for
polyomavirus large T antigen within regulatory sequences of
polyomavirus DNA. J. Virol. 52:750-760.

Dean, F. B., P. Bullock, Y. Murakami, C. R. Wobbe, L.
Weissbach, and J. Hurwitz. 1987. Simian virus 40 (SV40) DNA
replication: SV40 large T antigen unwinds DNA containing the
SV40 origin of replication. Proc. Natl. Acad. Sci. USA 84:16-
20.

DeCaprio, J. A., J. W. Ludlow, J. Figge, J. Shew, C. Huang, W.
Lee, E. Marsilio, E. Paucha, and D. M. Livingston. 1988. SV40
large T antigen forms a specific complex with the product of the
retinoblastoma susceptibility gene. Cell 54:275-283.

DeLucia, A. L., B. A. Lewton, R. Tjian, and P. Tegtmeyer. 1983.
Topography of simian virus 40 A protein-DNA complexes:
arrangement of pentanucleotide interaction sites at the origin of
replication. J. Virol. 46:143-150.

DePamphilis, M. L., and M. K. Bradley. 1986. Replication of
SV40 and polyoma virus chromosomes, p. 99-244. In N. P.
Salzman (ed.), The papovaviridae, vol. 1. Plenum Publishing
Corp., New York.

Dyson, N., R. Bernards, S. H. Friend, L. R. Gooding, J. A.
Hassell, E. O. Major, J. M. Pipas, T. Vandyke, and E. Harlow.
1990. Large T antigens of many polyomaviruses are able to form
complexes with the retinoblastoma protein. J. Virol. 64:1353-
1356.

Dyson, N., K. Buchkovich, P. Whyte, and E. Harlow. 1989. The
cellular 107K protein that binds to adenovirus E1A also associ-
ates with the large T antigens of SV40 and JC virus. Cell
58:249-255.

Eliyahu, D., D. Michalovitz, S. Eliyahu, O. Pinhasi-Kimhi, and
M. Oren. 1990. Wild-type pS3 can inhibit oncogene-mediated
focus formation. Proc. Natl. Acad. Sci. USA 86:8763-8767.
Ewen, M. E., J. W. Ludlow, E. Marsilio, J. A. DeCaprio, R. C.
Millikan, S. H. Cheng, E. Paucha, and D. M. Livingston. 1989.
An N-terminal transformation-governing sequence of SV40
large T antigen contributes to the binding of both p110%® and a

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

41.

42.

43.

J. VIROL.

second cellular protein, p120. Cell 58:257-267.

Finlay, C. A., P. W. Hinds, and A. J. Levine. 1989. The p53
proto-oncogene can act as a suppressor of transformation. Cell
57:1083-1093.

Giacherio, D., and L. P. Hager. 1979. A poly(dT)-stimulated
ATPase actwlty associated with simian virus 40 large T antigen.

J. Biol. Chem. 254:8113-8116.

Gluzman, Y., T. Davison, M. Oren, and E. Winocour. 1977.
Properties of permissive monkey cells transformed by UV-
irradiated simian virus 40. J. Virol. 22:256-266.

Graham, F. L., and A. J. Van der Eb. 1973. A new technique for
the assay of infectivity of human adenovirus S DNA. Virology
52:456-467.

Gruss, P., C. Lai, R. Dhar, and G. Khoury. 1979. Splicing as a
requirement for biogenesis of functional 16S mRNA of simian
virus 40. Proc. Natl. Acad. Sci. USA 76:4317-4321.

Hamer, D. H., K. D. Smith, S. H. Boyer, and P. Leder. 1979.
SV40 recombinants carrying rabbit B-globin gene coding se-
quences. Cell 17:725-735.

Harlow, E., L. V. Crawford, D. C. Pim, and N. M. Williamson.
1981. Monoclonal antibodies specific for simian virus 40 tumor
antigens. J. Virol. 39:861-869.

Huang, H. K., J. Yee, J. Shew, P. Chen, R. Bookstein, T.
Friedman, E. Y. P. Lee, and W. Lee. 1988. Suppression of the
neoplastic phenotype by replacement of the RB gene in human
cancer cells. Science 242:1563-1566.

Jat, P. S., C. L. Cepko, R. C. Mulligan, and P. A. Sharp. 1986.
Recombinant retroviruses encoding simian virus 40 large T
antigen and polyomavirus large and middle T antigens. Mol.
Cell. Biol. 6:1204-1217.

Jat, P. S., and P. Sharp. 1986. Large T antigens of simian virus
40 and polyomavirus efficiently establish primary fibroblasts. J.
Virol. 59:746-750. )

Jones, K. A., and R. Tjian. 1984. Essential contact residues
within SV40 large T antigen binding sites I and II identified by
alkylation-interference. Cell 36:155-162.

Kalderon, D., and A. E. Smith. 1984. In vitro mutagenesis of a
putative DNA binding domain of SV40 large-T. Virology 139:
109-137.

Kriegler, M., C. F. Perez, C. Hardy, and M. Botchan. 1984.
Transformation mediated by the SV40 T antigens: separation of
the overlapping SV40 early genes with a retroviral vector. Cell
38:483491.

Lane, D. P., and S. Benchimol. 1990. p53: oncogene or anti-
oncogene? Genes Dev. 4:1-8.

Lane, D. P., and L. V. Crawford. 1979. T antigen is bound to a
host protein in SV40-transformed cells. Nature (London) 278:
261-263.

Li, J. J., and T. J. Kelly. 1984. Simian virus 40 DNA replication
in vitro. Proc. Natl. Acad. Sci. USA 81:6973-6977.

Linzer, D. L. H., and A. J. Levine. 1979. Characterization of a
54K dalton cellular SV40 tumor antigen present in SV40 trans-
formed cells and uninfected embryonal carcinoma cells. Cell
17:43-52.

Mak, 1., S. Mak, and S. Benchimol. 1988. Expression of the
cellular p53 protein in cells transformed by adenovirus 12 and
viral DNA fragments. Virology 163:201-204.

. Manfredi, J. J., E. H. Wang, P. N. Friedman, and C. Prives.

1989. Purified SV40 large T antigen in complex with murine p53
does not support SV40 DNA replication in vitro, p. 103-113. In
L. P. Villarreal (ed.), Common mechanisms of transformation
by small DNA tumor viruses. American Society for Microbiol-
ogy, Washington, D.C.

Manos, M. M., and Y. Gluzman. 1985. Genetic and biochemical
analysis of transformation-competent, replication-defective
simian virus 40 large T antigen mutants. J. Virol. 5§3:120-127.
Michalovitz, D., L. Fischer-Fantuzzi, C. Vesco, J. M. Pipas, and
M. Oren. 1987. Activated Ha-ras can cooperate with defective
simian virus 40 in the transformation of nonestablished rat
embryo fibroblasts. J. Virol. 61:2648-2654.

Mole, S. E., J. V. Gannon, M. J. Ford, and D. P. Lane. 1987.
Structure and function of SV40 large-T antigen. Phil. Trans. R
Soc. Lond. B Biol. Sci. 317:455-469.



VoL. 64, 1990

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Montenarh, M., C. Vesco, G. Kemmerling, D. Muller, and R.
Henning. 1986. Regions of SV40 large T antigen necessary for
oligomerization and complex formation with the cellular onco-
protein p53. FEBS Lett. 204:51-55.

Murakami, Y., T. Eki, M.-A. Yamada, C. Prives, and J.
Hurwitz. 1986. Species-specific in vitro synthesis of DNA con-
taining the polyoma virus origin of replication. Proc. Natl.
Acad. Sci. USA 83:6347-6351.

Pallas, D. C., C. Schley, M. Mahoney, E. Harlow, B. S. Schaff-
hausen, and T. M. Roberts. 1986. Polyomavirus small t antigen:
overproduction in bacteria, purification, and utilization for
monoclonal and polyclonal antibody production. J. Virol. 60:
1075-1084.

Peden, W. C. K., A. Srinivasan, J. M. Farber, and J. M. Pipas.
1989. Mutants with changes within or near a hydrophobic region
of simian virus 40 large tumor antigen are defective for binding
cellular protein p53. Virology 168:13-21.

Petit, C. A., M. Gardes, and J. Feunteun. 1983. Immortalization
of rodent embryo fibroblasts by SV40 is maintained by the A
gene. Virology 127:74-82.

Prasad, 1., D. Zouzias, and C. Basilico. 1976. State of the viral
DNA in rat cells transformed by polyoma virus. I. Virus rescue
and the presence of nonintegrated viral DNA molecules. J.
Virol. 18:436-444.

Prives, C., L. Covey, A. Scheller, and A. Gluzman. 1983.
DNA-binding properties of simian virus 40 T-antigen mutants
defective in viral DNA replication. Mol. Cell. Biol. 3:1958-1966.
Rassoulzadegan, M., A. Cowie, A. Carr, N. Glaichenhaus, R.
Kamen, and F. Cuzin. 1982. The roles of individual polyoma
virus early proteins in oncogenic transformation. Nature (Lon-
don) 300:713-718.

Rassoulzadegan, M., P. Gaudray, M. Canning, L. Trejo-Avila,
and F. Cuzin. 1981. Two polyoma virus gene functions involved
in the expression of the transformed phenotype in FR3T3 rat
cells. I. Localization of a transformation maintenance function
in the proximal half of the large T coding region. Virology
114:489-500.

Rassoulzadegan, M., Z. Naghashfar, A. Cowie, A. Carr, M.
Grisoni, R. Kamen, and F. Cuzin. 1983. Expression of the large
T protein of polyoma virus promotes the establishment in
culture of ‘‘normal’’ rodent fibroblast cell lines. Proc. Natl.
Acad. Sci. USA 80:4354-4358.

Ryu, W., and J. Mertz. 1989. Simian virus 40 late transcripts
lacking excisable intervening sequences are defective in both
stability in the nucleus and transport to the cytoplasm. J. Virol.
63:4386—4394.

Sarnow, P., Y. Shih Ho, J. Williams, and A. J. Levine. 1982.
Adenovirus E1b-58kd tumor antigen and SV40 large tumor
antigen are physically associated with the same 54 kd cellular
protein in transformed cells. Cell 28:387-394.

Scheller, A., and C. Prives. 1985. Simian virus 40 and polyoma-
virus large tumor antigens have different requirements for
high-affinity sequence-specific DNA binding. J. Virol. 54:532-
545.

Schmieg, F. 1., and D. T. Simmons. 1988. Characterization of the
in vitro interaction between SV40 T antigen and pS3: mapping
the p53 binding site. Virology 164:132-140.

Soeda, E., J. R. Arrand, N. Smolar, J. E. Walsh, and B. E.

HYBRID POLYOMAVIRUS-SV40 LARGE T ANTIGENS

59.

61.

62.

63.

65.

67.

68.

69.

70.

71.

72.

73.

5259

Griffin. 1980. Coding potential and regulatory signals of the
polyoma virus genome. Nature (London) 283:445-453.

Stahl, H., P. Droge, and R. Knippers. 1986. DNA helicase
activity of SV40 large tumor antigen. EMBO J. 5:1939-1944.

. Stillman, B., R. D. Gerard, R. A. Guggenheimer, and Y.

Gluzman. 1985. T antigen and template requirements for SV40
DNA replication in vitro. EMBO J. 4:2933-2939.

Tack, L. C., C. A. Cartwright, J. H. Wright, W. Eckhart,
K. W. C. Peden, A. Srinivasan, and J. M. Pipas. 1989. Properties
of a simian virus 40 mutant T antigen substituted in the
hydrophobic region: defective ATPase and oligomerization ac-
tivities and altered phosphorylation accompany an inability to
complex with cellular pS3. J. Virol. 63:3362-3367.

Tevethia, M. J., J. M. Pipas, T. Kierstead, and C. Cole. 1988.
Requirements for immortalization of primary mouse embryo
fibroblasts probed with mutants bearing deletions in the 3’ end
of SV40 gene A. Virology 162:76-89.

Tjian, R., and A. Robbins. 1979. Enzymatic activities associated
with a purified simian virus 40 T antigen-related protein. Proc.
Natl. Acad. Sci. USA 76:610-614.

. Treisman, R., U. Novak, J. Favaloro, and R. Kamen. 1981.

Transformation of rat cells by an altered polyoma virus genome
expressing only the middle-T protein. Nature (London) 292:
595-600.

Van Doren, K., D. Hanahan, and Y. Gluzman. 1984. Infection of
eucaryotic cells by helper-independent recombinant adenovi-
ruses: early region 1 is not obligatory for integration of viral
DNA. J. Virol. 50:606-614.

. Wade-Evans, A., and J. R. Jenkins. 1985. Precise epitope

mapping of the murine transformation-associated protein, p53.
EMBO J. 4:699-706.

Wang, E. H., P. N. Friedman, and C. Prives. 1989. The murine
pS3 protein blocks replication of SV40 DNA in vitro by inhib-
iting the initiation functions of SV40 large T antigen. Cell
57:379-392.

Werness, B. A., A. J. Levine, and P. M. Howley. 1990. Associ-
ation of human papillomavirus types 16 and 18 E6 proteins with
pS3. Science 248:76-79.

Whyte, P., N. M. Williamson, and E. Harlow. 1989. Cellular
targets for transformation by the adenovirus E1A proteins. Cell
56:67-75.

Wobbe, C. R., F. Dean, L. Weissbach, and J. Hurwitz. 1985. In
vitro replication of duplex circular DNA containing the simian
virus 40 DNA origin site. Proc. Natl. Acad. Sci. USA 82:5710-
5714.

Wobbe, C. R., L. Weissbach, J. A. Boroweic, F. B. Dean, Y.
Murakami, P. Bullock, and J. Hurwitz. 1987. Replication of
simian virus 40 origin-containing DNA in vitro with purified
proteins. Proc. Natl. Acad. Sci. USA 84:1834-1838.

Zantema, A., P. I. Schrier, A. Davies-Olivier, T. Van Laar,
R. T. M. J. Vressen, and A. J. Van der Eb. 1985. Adenovirus
serotype determines association and localization of the large
Elb tumor antigen with cellular tumor antigen p53 in trans-
formed cells. Mol. Cell. Biol. 5:3084-3091.

Zhu, Z., G. M. Veldman, A. Cowie, A. Carr, B. Schaffhausen,
and R. Kamen. 1984. Construction and functional characteriza-
tion of polyomavirus genomes that separately encode the three
early proteins. J. Virol. 51:170-180.



