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Simian virus 40 large T antigen (T) can transform cultured cells, but the mechanisms by which it functions
are not entirely understood. Several lines of evidence have suggested that the amino-terminal ~130 residues of
T may be sufficient to confer the transforming capability. Oligonucleotide-directed mutagenesis was used to
generate a series of deletion and substitution mutants within the amino-terminal 82 residues of T, the segment
which is shared with simian virus 40 small t antigen (t). Results of stability and transformation assays of these
mutants strongly suggest that the 1-to-82 region of T contains sequences which govern T transforming activity
and affect in vivo stability. Instability and a defect in transforming activity could be separated from one another
genetically. Thus, the 1-to-82 region appears to contain a specific region that contributes to the transforming
function of the protein. This segment operates by means other than the simple binding of pRb and/or p107.

Simian virus 40 large T antigen (T) has been shown by
many laboratories to elicit the neoplastic transformation of
cultured rodent cells (45). However, although there is new
information showing that its transforming function likely
depends on its ability to modulate the activities of at least
two tumor suppressor gene products, pRb and p53, and a
third protein, pl107, the detailed mechanism by which T
transforms is still largely unknown (7, 8, 9, 25, 46, 47). What
seems clear is that T must perform more than one biochem-
ical act to elicit the appearance of neoplastic properties. In
this regard, it appears that at least some T transforming
functions are the products of blocks of sequences located in
the amino-terminal half of the molecule (1, 3, 4, 5, 37, 38).
Multiple reports indicate that various amino-terminal T
fragments extending from residues 1 to 127 to 300 can
establish early-passage rat cells in culture, although at fre-
quencies lower than those of wild type (1-5, 37, 38). More-
over, these truncated species can induce certain primary
strains and established cell lines to manifest anchorage-
independent growth (3, 5, 37, 38). Therefore, the amino-
terminal third of the protein can perform biochemical func-
tions, which, taken together, are sufficient for the
transformation of some cells. Other functions which have
been shown genetically to depend on sequences within the
amino-terminal region of T are binding to the viral replica-
tion origin (32) and nuclear localization (19, 20). However,
the abilities to bind the origin and to localize in the nucleus
are dispensable for transformation (3, 12, 18, 21, 26, 32, 34).
Another activity associated with the amino-terminal half of T
is the ability to stimulate DNA synthesis in quiescent cells
(14, 31, 39). The role of this activity in the T-dependent
transformation mechanism remains to be fully determined,
although, in the case of two other DNA tumor virus species,
adenoviruses and bovine papillomavirus, transformation
function cannot be separated from the ability to initiate DNA
synthesis in quiescent cells (24, 29, 30, 48).
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Recent reports indicate that mutations within the C-termi-
nal ~60% of large T, which disrupt the pS3 binding region,
render the molecule incapable of transforming REF52 but
not C3H10t1/2 cells (33, 40). The former is a continuous line
of rat cells, and the latter is a continuous line of murine cells.
Some of the aforementioned mutations also suppressed the
immortalization of primary C57BL/6 mouse cells by T (43,
44). Therefore, although T-p53 complex formation seems not
to be involved in the transformation of C3H10t1/2, it does
appear to be required for the transformation of REF52 cells
(40). The formation of T-p53 complexes may also play a
significant role in supporting the immortalizing function of T
in certain primary murine cells (33, 43). Given the additional
fact that the amino-terminal ~130 residues of T are capable
of immortalizing other rodent cell species (1), the protein
may be able to exert its immortalizing function by at least
two independent biochemical routes, one of which involves
p33 binding and the other which does not. Moreover, there
may be significant host range limitations on the expression of
these functions.

A large number of amino-terminal T mutants which are
either partly or fully defective for transforming activity have
been identified (6, 12, 21, 34, 35, 37, 38, 42). For example,
Kalderon and Smith (21) have shown that numerous mutants
with lesions involving the sequence extending from residues
105 to 115 are transformation defective. Recently, it was
shown that these mutants fail to transform cells to anchor-
age-independent growth (3). Taken together, the results
suggest that the 105-to-115 segment constitutes a functional
domain devoted to T transforming function. This region
bears strong similarity in both primary sequence and pre-
dicted secondary structure to a transforming domain of the
adenovirus E1A product (10, 41). In adenovirus E1A, this
region has been implicated in the stimulation of host cell
DNA synthesis and the maintenance of viral transforming
activity (24, 30, 36, 48, 50, 51). This segment is now known
to operate in both T and E1A by serving as a binding site for
at least two cell-encoded proteins, pRb and p107 (7-9, 46,
47). The former is a known tumor suppressor gene product
(22, 23). Although there is presently no direct evidence to



5648 NOTES J. VIROL.

D2C2 328 Pvu-O 6570 59-64 46-51 40-45 34-39 di1135
AB AB AB AB AB AB AB

180
___ 116
Thy__ TP s e oo = \CER B4
Vg
o 48
__ 365
EMdI59-64 EMsb59-64 Pvu-0 pBR328
0 2 4 8 11 23 0 2 4 8112302 4 81123024 8 11 23

s

- o e -

FIG. 1. Western blot and pulse-chase analysis of amino-terminal deletion mutants of T. (A) Western blot analysis of T deletion mutants.
All cells were grown at 37°C in a humidified, 10% CO,-containing atmosphere in Dulbecco’s modified Eagle’s medium (GIBCO) supplemented
with 10% fetal calf serum (Flow Laboratories). Dishes (100 mm) of nearly confluent CV-1P cells were transfected in duplicate (lanes labelled
A and B) with 20 pg of plasmid DN A by the calcium phosphate precipitation method, and cell lysates were prepared 24 h later. Equal amounts
of total protein extract (800 g) were immunoprecipitated with pAB423 (7). The immune complexes were separated by sodium dodecyl sulfate
gel electrophoresis, transferred to nitrocellulose, and assayed in a Western blot by using pAB423 and anti-mouse immunoglobulin G
conjugated to alkaline phosphatase. The lane marked D2C2 contains a pAB423 immunoprecipitate of a clonal CV-1P cell line which
constitutively synthesizes T. pBR328 DNA was used as a negative control, while pPVU-O, a plasmid which encodes wild-type T, was used
as a positive control. The designations 65-70, 59-64, 46-51, 40-45, and 34-39 represent the newly generated internal deletion mutants described
in the text, and the numbers represent the specific residues which have been removed in each case. d/1135 is a T mutant (generously donated
by J. Pipas) in which residues 17 to 27 have been deleted. The new deletion mutants described were generated by using the gapped
heteroduplex method essentially as described by Kalderon et al. (19) and Harvey et al. (16). The synthetic oligonucleotides used to generate
the variant T species were each 30 nucleotides long. Following annealing of the mutagenic oligonucleotides to the gapped heteroduplexes,
Escherichia coli DHSa was transformed by each DNA heteroduplex. Colonies bearing the mutant DNAs were first identified by colony
hybridization and then verified by DNA sequencing. (B) Pulse-chase analysis of deletion and substitution mutants of T. Dishes (60 mm)
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support the suspicion, the latter is suspected of having
analogous properties. Moreover, genetic analysis strongly
suggests that T and E1A binding to pRb and/or p107 con-
tributes to their transforming properties (7, 8, 46, 47).

T and the other simian virus 40 early region product, small
t antigen (t), share an 82-residue amino-terminal segment.
This region lies upstream of the pRb-p107 binding segment
and has not been extensively studied for potential functions.
In support of the possibility that this region might contribute
to T transforming function, we recently found that its
complete elimination from T was linked to the failure of T to
induce anchorage-independent growth (28). Given that the
1-to-82 sequence represents more than 50% of the mass of
the smallest truncated T species with overt ironsforming
activity, we chose to evaluate it further as a potential
contributor to the transforming function of the protein.

The initial strategy was to generate a set of T mutants
containing serial, colinear deletions of six amino acids lo-
cated within the 1-to-82 region. Specifically, the deletions
extended from residues 34 to 70. Mutagenesis was per-
formed by a specific oligonucleotide-directed method, with
an intact simian virus 40 early region-containing plasmid,
pPVU-O, as template. pPVU-O contains the entire early
region of simian virus 40 and the viral early promoter cloned
in pBR328 (21). To check for expression of these various
mutants and of another deletion mutant, d/1135 from the
laboratory of J. Pipas (34), which lacks residues 17 to 27, an
equivalent amount of each mutant DNA and the wild-type
plasmid was transfected into CV-1P cells. The transfections
were carried out in duplicate. The resulting viral proteins
produced in these transient assays were immunoprecipitated
with pAB423, a monoclonal antibody which recognizes an
epitope in the carboxy terminus of T (15). The various
mutant T species were analyzed by Western immunoblotting
(7). All immunoprecipitations were performed in antibody
excess with a standard quantity of cell extract. The results
are shown in Fig. 1A. In duplicate sets of transfections
(labelled A and B), each mutant plasmid gave rise to the
synthesis of an immunoreactive T species which comigrated
with the wild-type protein. Similar results were obtained
following transfection of BALB/c/3T3 c¢I A-31, Rat-1, or
CRETF cells (data not shown). Given that cells transfected
with all but the dl65-70 mutant yielded significantly less T
than the wild-type control, pulse-chase labelling analysis of
these various proteins was carried out over a period of 24 h
in an effort to assess the stability of each of the mutant
proteins. All the mutants, except for dl65-70, were charac-
terized by less than normal half-lives. Only the results of the
pulse-chase analysis of one deletion mutant are shown here
as an example (Fig. 1B). As shown in the left panel of Fig.
1B, the half-life of the deletion mutant d/59-64 ranged from 2
to 4 h, compared with more than 12 h for the wild-type
counterpart. Thus, the abnormally low steady-state levels of
mutant T present in these extracts are due, at least in part, to
rapid protein turnover. The instability notwithstanding, each
of these unstable mutants, as shown earlier, retained the
ability to bind pRb, p107, and p53 readily (9), suggesting no
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TABLE 1. Focus-forming activity of various T deletion mutants”

Mutant % FF CREF* % FFREF® % Neo® DNA
replication
Pvu-O 100 100 100 +
di1135 0 0 ND -
EMdI34-39 0 0.1 0 -
EMdI40-45 2.4 5.1 5.9 -
EMdI46-51 0.3 5.6 9.6 -
EMdI59-64 0 0 0 -
EMdI65-70 19.3 25.7 42.8 +

“ Sparse 60-mm dishes of either REF (Whittaker, M.A. Bioproducts) or
CREF cells (11) were transfected with 10 pg of plasmid DNA. Cells were
maintained in culture for a period of 3 to 4 weeks, after which time they were
fixed and the foci were stained with anti-T pAB423 and goat anti-mouse
immunoglobulin G conjugated to alkaline phosphatase (Promega). Values are
shown as percentages of wild-type activity. Neo, percent Neo-resistant
colonies obtained after transfection of REF cells with equal amounts of
wild-type or mutant plasmid DNA (10 pg) and plasmid DNA containing a
Neo-resistant gene (10 pug). FF, focus formation on the indicated cell lines.
Cells were subsequently maintained in culture and fed with G418 (400 pg/ml)
for an equal amount of time. The replication assay was performed with CV-1P
cells (33). Typically, 1 to 2 pg of DNA was transfected onto a 60% confluent
dish. Three to four days following transfection, the DNA was isolated by the
Hirt method (17), digested with Dpnl, separated by electrophoresis in agarose
gels, and then blotted onto nitrocellulose (34). Random-primed, 32P-labelled
wild-type plasmid DNA was used as a probe (Boehringer Mannheim random-
primed DNA labelling kit was used essentially as described by the manufac-
turer). ND, not determined.

b Values represent averages for 12 experiments.

¢ Values represent averages for six experiments.

major defect in these functions. Therefore, they do not
appear to be wholly inert.

Given that all mutant proteins could bind pRb, p107, and
p53, we asked whether any of the plasmids encoding them
could transform an established rat cell line, CREF (11), as
measured in a focus formation assay. The results of these
focus formation assays are summarized in Table 1 and are
expressed as percentages of the wild-type effects. In these
experiments, all mutants, with the exception of dI65-70,
failed to transform CREF cells to any degree. Similarly, they
failed to transform primary rat embryo fibroblasts (REF). In
this case, the identity of a given focus as an authentic T
transformant was checked by in situ immunoperoxidase
staining with pAB423. Only those foci which tested positive
by staining in this assay were scored here.

An activated ras allele has been shown to partially com-
plement transformation-defective T mutants (27). In view of
this, we also cotransfected an activated ras-containing plas-
mid, PM1 (generously donated by Michael Corbly), along
with the different mutant DNAs into REF and CREF cells.
The activated ras, however, failed to rescue our deletion
mutants in this transformation assay (data not shown).
Similarly, when each of the mutant plasmids was cotrans-
fected with a plasmid containing a G418 resistance gene into
REF in search of T-containing immortal colonies, none of
the mutants functioned normally in comparison with the wild
type (Table 1). However, as in the previously described

of CV-1P cells were transfected with 10 ug of DNA. Twenty-four hours later the cells were labelled for 3 h with 200 .Ci of [3*SImethionine
per ml in serum-free medium. They were then refed with complete medium lacking radioactivity. Cell extracts were Prepared and
immunoprecipitated with the monoclonal antibody pAB423 (7) at the indicated times. The designations 0 to 23 indicate the time in t\ours after
removal of radioactivity, when the relevant cell lysates were prepared. The origin of the T doublet in all of the relevant lanes is unclear,
although, given the known susceptibility of T to proteolytic degradation after extraction, there is the suspicion that the lower band may be

a degradation product of the upper band.
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FIG. 2. Immunoprecipitation of the mutants EMdI59-64 and
EMsb59-64. Cells were maintained in culture as described in the
legend to Fig. 1. CV-1P cells were transfected with 20 pg of plasmid
DNA. Twenty-four hours posttransfection, the cells were labelled
for 3 h with 200 wCi of [>**S]methionine per ml in serum-free medium.
Cell extracts were prepared and immunoprecipitated with the mono-
clonal antibody pAB423 (7). Lanes 1 and 2 contain two independent
immunoprecipitates obtained from cells transfected with the substi-
tution mutant EMsb59-64; lane 3 contains the immunoprecipitates
obtained from cells transfected with EMdI59-64; lane 4 contains the
immunoproducts from cells transfected with pPVU-O (encodes
wild-type T); and lane 5 contains the immunoproducts from cells
which have been mock transfected. Arrows (from top to bottom)
indicate the respective migration positions of p107, pRb, and p53.

assays, dl65-70 functioned better than the rest of the mutants
tested. Finally, we also investigated whether the mutant T
species retained DNA replicating activity by assaying the
mutant genomes for their ability to replicate in CV-1P cells.
With the exception of dl65-70, all the mutants were judged to
be defective in the ability to replicate DNA as measured in a
blotting assay after DNA transfection. This failure could be
a result of insufficient functional T, the short half-life of the
relevant mutant proteins, or a defect in their intrinsic DNA
replication function.

To determine whether the inability of these deletion mu-
tants to transform cells was due to the short half-life of the
protein within the cell and not to the disruption of a potential
transforming domain, we sought to engineer a mutant within
the 1-to-82 region which was as stable as wild-type T. The
sequence NAAIRS has been found to assume different
secondary structural motifs in different proteins (49). As a
result, others suggested that this sequence is inherently
flexible and that this characteristic allows it the freedom to
assume different conformations in different environments;
hence, it could be used in mutagenesis experiments in which
the aim is to minimize conformational disruption following
gross changes in primary protein structure (17a, 49). Since
deleting sequences between residues 17 and 64 led to clear
instability, we suspected that loss of sequence in this region

J. VIROL.

TABLE 2. Focus formation activity of substitution
and deletion mutants®

Mutant Expt 1 Expt 2
(% FF CREF) % FF REF % Neo
Pvu-O 100 100 100
EMdI59-64 0 0 0
EMsb59-64 10.8 10.4 13

@ Two separate experiments measuring the focus formation activity of the
substitution mutant, EMsb59-64, and the deletion mutant, EMdI59-64, were
performed. Each was performed under the same conditions described for the
experiment whose results are shown in Table 1. In experiment 1, CREF cells
were studied. In experiment 2, an analogous experiment was performed with
primary REF. All cells were maintained under the same conditions described
in the legend to Fig. 1. Values represent averages for three experiments. For
abbreviations, see Table 1, footnote a.

was responsible for this defect. To test this hypothesis, an
oligonucleotide encoding the NAAIRS sequence was in-
serted in frame at the site of the d/59-64 mutation. The
resulting substitution mutant protein, sb59-64, comigrated
with both wild-type and di59-64 T, but, unlike the latter,
which was the least stable of all the mutants tested, this
product exhibited nearly wild-type stability in pulse-chase
analysis (Fig. 1B) and accumulated to wild-type levels in a
transient expression assay (Fig. 2), unlike its progenitor,
dI59-64. In this experiment, we suspect that the latter was
present in an amount below that needed to detect coprecip-
itating proteins. Indeed, in the past it was readily shown to
bind to pRb, pl07, and p53 (9). Furthermore, the sb59-64
protein retained the ability to bind pRb and p107 and bound
p53 like wild-type T (Fig. 2). This notwithstanding, like the
dI59-64 parental mutant, it was clearly defective in focus-
forming activity when assayed on CREF cells and REF cells,
as shown in Table 2.

Therefore, the introduction of NAAIRS at the site of the
former deletion restored wild-type stability but failed to
restore wild-type transforming activity. Indeed, the product
is clearly still defective in both focus-forming and REF
colony-forming activity. From these findings, one can argue
that elements within the 1-to-82 sequence affect two aspects
of T behavior, stability and transforming activity. Indeed,
from the data presented here, these two functions appear to
be separable. Given these and prior observations (9), it
seems reasonable to suggest that the 1-to-82 region may
constitute a transformation-controlling segment, at least in
part, distinct from that which gives rise to pRb, p107, and
p53 binding activity (9). Conceivably, it plays a role in the
T-pRb and/or T-p107 interaction, not so much by affecting
the affinity of either protein for T but rather by altering the
functional effect(s) of T binding on one or more of these
elements. Another possibility, among several, is suggested
by the existence of some elements of sequence homology
within this region and transforming domain 1 of ElA.
Harlow and coworkers have shown that elements of this
transformation-controlling region of E1A are responsible for
the p300 binding activity of E1A (47, 48). From the genetics
of the E1A-p300 binding reaction, one can argue that p300
binding contributes to E1A transforming activity. Although
there is no direct supporting evidence at the moment, it
remains possible that this region of T also binds p300 or an
analogous protein which recognizes the segment in T homol-
ogous to that in E1A. Experiments aimed at testing this
possibility are in progress.
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