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Two Integrated Partial Repeats of Simian Virus 40 Together Code
for a Super-T Antigen
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We determined that the coding sequence for a 100-kilodalton super-T antigen found in Simian virus 40
mouse transformants spanned two separate partial repeats of the viral genome. The downstream repeat
contained a complete Simian virus 40 large-T-antigen gene, whereas the upstream repeat was a truncated copy
of the same gene. When the repeats were separated by subcloning, the capacity to code for tlie super-T antigen
was lost. A small insertion or deletion in the origin-control region which preceded the second repeat could also
destroy the ability to code for the 100-kilodalton protein. Our data suggest that differential splicing between
parts of two gene copies was responsible for the additional molecular weight of this super-T antigen.

Simian virus 40 (SV40) DNA usually integrates into mouse
chromosomes in the form of tandem partial repeats of the
viral genome (2, 3, 13, 19, 20, 35). Some of the repeats are
precisely colinear with wild-type DNA, whereas others
contain duplications, inversions, or deletions of viral se-
quences. Quite often these rearrangements of SV40 se-
quences generate variant SV40 tumor antigens in addition to
the virally coded large-T and small-t antigens of 94 and 17
kilodaltons (kDa), respectively (6, 8, 21, 29, 37). Some of the
variants are truncated forms of the wild-type large-T antigen
(8, 29, 37), whereas others, called super-T antigens, are
larger than the wild-type protein (10, 21, 29, 37).

Super-T antigens have been observed with molecular
masses which range from 100 to 145 kDa (10, 6, 21, 29, 37).
All appear, by immunoprecipitation and tryptic mapping, to
be variants of the SV40 large-T antigen. The SV40 T antigen
is a multifunctional protein which initiates viral replication in
permissive cells and establishes and maintains the trans-
formed state in nonpermissive cells (43). The large-T antigen
plays well-characterized biochemical roles in several viral
and host processes. These include reduction of early viral
transcription by specific binding to SV40 origin sequences
(41); stimulation of host DNA synthesis (18) and ribosomal
gene transcription (38); binding to the host-coded, 53-kDa
tumor antigen (23); and expression of an in vitro ATPase
activity (42).

Super-T antigens may retain certain large-T functions but
lack others. The coding sequences for two super-T antigens,
a 115-kDa protein from a rat transformant (26) and a 145-kDa
protein from a mouse (24), have been cloned and transfected
into rodent and monkey cells. Both of these super-T antigens
are able to transform rodent cells, but neither is able to
support lytic replication (12, 27). Like the wild-type large-T
antigen, both super-T antigens can interact with the 53-kDa
host tumor antigen (12, 27), and both can bind specifically to
the SV40 origin of replication (7, 27).

In each case, the additional molecular mass of the super-T
antigen is generated by an intérnal in-phase duplication of
coding sequences for the large-T antigen (24, 26). The
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duplications occur in the region of the gene where point
mutations can cause temperature-sensitive growth (22).

We have studied a particular super-T antigen of 100 kDa
which is found in fully transformed, anchorage-independent
mouse cell lines (10). In contrast to other super-T antigens,
the 100-kDa protein appears with extremely high frequency
in SV40-transformed mouse cell lines, whether they are
generated by viral infection or by DNA transfection with a
plasmid carrying a wild-type SV40 genome (9). Only the
transformants produced by transfection of an origin-defec-
tive SV40 sequence fail to make the 100-kDa protein (9). We
wishéd to determine what sort of mutation or rearrangement
could occur in nearly every wild-type mouse transformant to
produce the same-size variant. Southern blot experiments
on a variety of independently isolated mouse transformants
do not reveal any variant viral early region that is common to
all lines which produce the 100-kDa antigen (3).

In this paper we present results indicating that the 100-kDa
protein originated in a different manner from the other
super-T antigens studied to date. Unlike other super-T
antigens, the 100-kDa protein was not coded for by a single
SV40 insertion containing an internal duplication in the early
region. Rather, its coding sequence included two separate
partial repeats of the SV40 genome. The downstream repeat
contained the complete coding sequence for the SV40 large-
T-antigen gene, including the SV40 origin, whereas the
upstream repeat was a truncated copy of the same gene
which varied in length in different clones.

We believe that this is an unusual example of a coding
situation in which the partial amplification of a gene gener-
ated a new protein that was coded for by parts of two gene
copies.

MATERIALS AND METHODS

Cells. CV1 and BSC-1 monkey cells and SV101 mouse
cells were grown in Dulbecco modified Eagles medium
(DME) supplemented with 10% fetal calf serum (FCS) in an
atmosphere containing 10% CO,. All cells were shown to be
free of PPLO (pleuropneumonia-like organisms) by using
Hoescht stain.

Transient-expression assay. Our transfection procedure
was a modified version of the method developed by Rio and
Tjian (32). BSC-1 cells were plated at a density of 10° cells
per 100-mm dish. At 24 h after plating, each dish was
covered with 0.5 to 0.7 ml of DME containing 0.5 mg of
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FIG. 1. Identification of coding sequences for an SV40 100-kDa super-T antigen. (a) Transient-expression assay. BSC-1 cells were labeled
48 h after transfection with [3S]methionine, extracted, immunoprecipitated, and analyzed on a 10 to 20% sodium dodecyl sulfate-polyacryl-
amide gradient gel (24). Plasmids transfected were pSVRI (B), pSVOri~ (C), p25B (D), pSV3T3-M-A (E), and p100-D (F). Lane A shows the
immunoprecipitation of proteins from the mouse transformant SV101. The 17-kDa smali-t antigen is visible in all lanes on a longer exposure
of the autoradiogram. T, Tumor serum; N, normal serum. (b) Restriction maps of pSVR1, p25B, and pSV3T3-M-A. Viral DNA is indicated
by straight lines, and host DNA is indicated by jagged lines. Arrows indicate the expected position of the large-T transcript. pSVR1 contained

a complete wild-type SV40 genome; only its early region is shown.

DEAE dextran per ml (28) and either 5 or 10 pg of uncut
plasmid. Plates were incubated at 33°C for 30 min with
rocking, washed three times with DME, and fed fresh DME
containing 5% FCS and 0.1 mM chloroquine (Sigma Chem-
ical Co.). After 6 to 8 h of incubation at 37°C, the cells were
rinsed twice with DME and fed with DME plus FCS. After
48 h, cover slips were removed from each plate and exam-
ined for T antigen by using indirect immunofluorescence.
Labeling, extraction, and immunoprecipitation were accom-
plished as previously described (10).

Rescue of integrated SV40 sequences by cell fusion. CV1
monkey cells, which are permissive for SV40 replication,
were fused with cells from SV101, a mouse transformant
which has been extensively studied in our lab (3, 10). Cells
(109 of each type were plated together on a 100-mm dish. On
the following day the dish was overlaid with 2 ml of
polyethylene glycol 1000 (50% [wt/vol]; Fisher Scientific
Co.) for 1 min. The cells were then washed successively with
25, 10, and 5% polyethylene glycol 1000 and fed with DME
and 10% FCS. After 24 h, 3 x 10° to 5 x 10° fused cells were
plated on top of a monolayer of CV1 cells on a 60-mm dish.
Once the cells were attached, 4 to 6 h later, 4 ml of 0.9% agar
in DME-10% FCS was added to each plate. Plates were fed
weekly, and after 21 days a solution of 0.33% Neutral Red
(GIBCO Laboratories) was added with the agar. Plaques
were picked the next day in DME.

Samples of three of these plaques were passaged on
60-mm plates of CV1 cells. Lysates were collected after 10
days, and DNA was extracted from a portion of each lysate.

A few micrograms of DNA from each lysate was tested in
the transient-expression assay (see above). DNA from one
of these three plaques expressed both the 94- and 100-kDa T
antigens (unpublished data). The lysate of this plaque was
further amplified by growth on a 100-mm and then on a
150-mm dish of CV1 cells.

Plasmids. Plasmids pSV3T3-M-A and pSV3T3-M-C, which
contain sequences isolated from the SV3T3 C1M library
(13), were provided by P. Rigby. pSVOri~ was a gift from D.
Grass and J. Manley; pBglII-J was a gift from R. Jove and J.
Manley. pSTER was from D. Lewis and J. Manley, and p6-1
was from Y. Gluzman.

RESULTS

We identified sequences from two independent SV40
mouse transformants which retain the capacity to code for a
100-kDa super-T antigen when tested in a permissive tran-
sient-expression assay. Wild-type SV40 DNA produced 94-
and 17-kDa tumor antigens in this assay, but not 100-kDa or
any other super-T antigens (Fig. 1a, lane B).

Identification of coding sequences from SV101. We recov-
ered integrated SV40 sequences from the mouse transform-
ant SV101 by fusing SV101 cells to permissive monkey cells
(4) as described above. Fusion plaques were picked after 21
days. DNA extracted from the lysates made from one out of
three of these plaques expressed both 94- and 100-kDa T
antigens in the transient-expression assay (unpublished data).
A portion of the lysate DNA recovered from this plaque was
cut with either BamHI or EcoRI restriction enzyme and
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ligated into pBR322. Totals of 9 BamHI clones and 15 EcoRI
clones were transfected into monkey cells. Of the clones,
four EcoRI and three BamHI clones produced T-antigen-
positive cells as determined by indirect immunofluores-
cence. Immunoprecipitation experiments confirmed that all
seven clones expressed wild-type large-T antigen (unpub-
lished data). Of the seven clones, one, p25B, made both 94-
and 100-kDa proteins (Fig. 1a, lane D). No clone was found
which made only the 100-kDa super-T antigen.

Identification of coding sequences from SV3T3 CIM. A
library of genomic clones from the SV40-transformed mouse
cell line SV3T3 C1M was previously established by Clayton
and Rigby (13). We have examined two plasmids from this
library which contain SV40 sequences. One of them, pSV3T3-
M-A (13) expresses 94- and 100-kDa T antigens which
appear identical to the antigens made by p25B (Fig. la, lane
E). The second clone from the C1M library, pSV3T3-M-C
(13), codes for a single super-T antigen of 130 kDa (unpub-
lished data). The coding sequence of the 130-kDa super-T
antigen has been further investigated by Lovett et al. (24).

Both p25B and pSV3T3-M-A made three to four times as
much wild-type protein as 100-kDa protein (Fig. 1a, lanes D
and E). In SV101, the parental line of p25B, there was an
even higher ratio of wild-type protein to super-T antigen
(Fig. 1a, lane A). This may have been because more than one
of the multiple SV40 insertions of SV101 could express the
94-kDa protein. Both p25B and pSV3T3-M-A also coded for
the small-t antigen of 17 kDa which could be seen in a longer
exposure of the autoradiogram (unpublished data).

Structural similarities between pSV3T3-M-A and p25B.
p25B and pSV3T3-M-A were extensively mapped with re-
striction enzymes (Fig. 1b). They did not share a variant-
sized early region which could account for the appearance of
the same-size super-T antigen. Instead, each clone con-
tained two tandem partial repeats of the SV40 genome. In
both p25B and pSV3T3-M-A, the downstream repeat encom-
passed a full-length SV40 early region, which included the
complete coding sequences for the large-T and small-t anti-
gens, whereas the upstream repeat included a partial dupli-
cation of the early-region sequence. Furthermore, the partial
duplication in both cases included the S’ end of the gene,
beginning before the origin-control region and proceeding
past the donor and acceptor splice sites for the large-T-an-
tigen mRNA.

In p25B the partial duplication proceeded about one-third
of the way through the large-T antigen coding sequence and
was separated from the second, full-length early region by 50
to 100 base pairs of host DNA. In pSV3T3-M-A the dupli-
cation extended considerably further into the large-T coding
sequence, containing the Pvull site at base pair 3506. In
addition, ca. 600 base pairs of host DNA were present
between the upstream duplication and the second coding
region.

p25B had a small (ca. 60-base-pair) deletion in both copies
of its early-region sequence, just downstream from the Kpnl
site. This mutation did not affect the origin, which was
located near the Bgll site, but involved the deletion of part of
the two 72-base-pair repeats which constitute the SV40
enhancer sequence (1, 30). In pSV3T3-M-A, this region was
intact.

Colinearity of long and short coding regions. When the
tandem repeats were separated, the capacity to code for the
super-T antigen was lost. To show this, the upstream and
downstream repeats were subcloned into separate vectors.
In parallel experiments the upstream repeats of p25B and
pSV3T3-M-A were removed by the deletion of a Kpnl
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restriction fragment from each clone (Fig. 2¢ and d). Recir-
cularization produced subclones that retained only the down-
stream repeat containing the full-length T-antigen coding
region (p25B-ER1 and pTMA-ER1). To isolate the upstream
repeat, the Kpnl fragment of each parental clone was
inserted into the pBR322-adenovirus recombinant pBglII-J,
which contains a 1.2-kilobase Bg/II fragment extending from
60.7 to 64.2 map units on the adenovirus-2 genome (43). The
Bglll fragment contains a polyadenylation site which is used
efficiently by adenovirus L3 mRNAs in isolated HeLa nuclei
(25). The polyadenylation site is located ca. 200 base pairs
downstream from a unique Kpnl site. The Kpnl fragments of
p25B and pSV3T3-M-A were inserted into pBglII-J in the
same orientation as the L3 coding region (Fig. 2c and d).

The constructs which contained the upstream partial re-
peats of the early region, p25B-ER2 and pTMA-ER2, made
no detectable T antigen of any size (Fig. 2a and b, lanes E),
even when a polyadenylation site was provided by pBgIII-J.
The same result was observed when the plasmids were
digested with Kpnl before transfection to remove the ad-
enovirus sequences (unpublished data). The plasmids con-
taining the full-length large-T coding regions, p25B-ER1 and
pTMA-ER1, made only wild-type protein (Fig. 2a and b,
lanes D).

In another experiment the plasmids containing the trun-
cated and full-length early regions were cotransfected (Fig.
2a and b, lanes F). The two plasmids together produced only
the wild-type protein. This argues against the possibility that
the large-T antigen interacted in some way with the dupli-
cated sequence to produce the 100-kDa protein or that a
truncated T antigen made from either of the ER-2 plasmids
could act in trans to affect the message made from the
full-length sequence. As noted above, no such truncated T
antigen was seen in the immunoprecipitates. We concluded
that the partial and full-length early region must be joined in
cis to generate the super-T antigen.

Partial repeats are fragments of wild-type SV40. One
hypothesis to explain the origin of the 100-kDa protein is that
the upstream partial repeat of both clones contains an
alteration which encodes the additional molecular weight of
the super-T antigen. There is a 93-base-pair open reading
between the TATA box and the start codon of the large-T-
antigen gene (15) which is interrupted by a stop codon at
position 5173 (see Fig. 3A). If the stop codon had been
mutated or deleted and a transcript had been initiated
sufficiently far upstream, an extra 31 amino acids, or about 4
kDa, could have been added to the amino terminal of the
large-T antigen. Although early-region transcription usually
is initiated just beyond the Bgll site, during the late lytic
cycle it switches to a position upstream of the TATA box,
and this upstream site is used by a small percentage of
transcripts of SV40 transformants (15).

To test the hypothesis above, we constructed the plasmid
p25B-J (Fig. 4b). The first exon from the upstream sequence
was joined to the second exon from the downstream se-
quence by deleting a BstXI restriction fragment. BstXI cut
once within the large-T intron, so the recircularized plasmid
contained a wild-type-sized intron between the two exons.
Upon transfection into monkey cells, p25B-J generated only
the wild-type 94-kDa tumor antigen (Fig. 4a, lane E). This
result suggests that the first exon in the partial duplication
was the wild type.

Next, we tested whether the downstream repeat could be
replaced by a wild-type SV40 early region without destroy-
ing the ability to make the 100-kDa tumor antigen. The Kpnl
fragment containing the upstream repeat from p25B was
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FIG. 2. Separation of the partial repeats from p25B and pSV3T3-M-A. (a) Immunoprecipitation was performed as described in the legend
to Fig. 1a. The plasmids transfected were pSVOri~ (A), pSVRI (B), p25B (C), p25B-ER1 (D), p25B-ER2 (E), and p25B-ER1 plus p25B-ER2
(F). T, Tumor Serum; N, normal serum. (b) Immunoprecipitation was performed as described in the legend to Fig. 1la. The plasmids
transfected were pSVOri~ (A), pSVRI (B), pSV3T3-M-A (C), pTMA-ER1 (D), pTMA-ER2 (E), and pTMA-ER1 plus pTMA-ER2 (F). T,
Tumor serum; N, normal serum. (c) p25B-ER1 was constructed by deleting the Kpnl fragment from p25B. p25B-ER2 was constructed by
inserting the Kpnl fragment from p25B into the Kpnl site of pBglll-J so that the truncated SV40 early region was in the same orientation as
the adenovirus L3 polyadenylation site contained in the vector. (d) pTMA-ER1 was constructed by deleting the Kpnl fragment from
pSV3T3-M-A. pTMA-ER2 was constructed by inserting the Kpnl fragment from pSV3T3-M-A into the Kpnl site of pBglll-J so that the
truncated SV40 early region was in the same orientation as the adenovirus L3 polyadenylation site contained in the vector.

inserted into the Kpnl site of the wild-type plasmid pSVRI
so that both copies of the early region shared the same
orientation. The construct containing the wild-type, full-
length early region (p25B-R1) retained the capacity to code
for the 100-kDa protein (Fig. 4a, lane F).

Artificial construction of a 100-kDa T-antigen coding se-
quence. Taken together these results strongly suggest that no
specific mutation or internal rearrangement was needed to

code for the 100-kDa protein. All that was required was a
full-length gene preceded by a partial duplication of the 5’
end of the gene. To confirm this conclusion, a plasmid was
constructed which contained a duplicate copy of the 5’ end
of the gene. This construct, called p100-D, mimicked the
tandem repeats of p25B and pSV3T3-M-A, but contained no
mouse DNA and no possible point mutations or small
alterations in sequence. The plasmid was constructed en-
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FIG. 3. Transcription in the early direction. (A) The SV40 origin sequence. Arrows indicate the initiation points for transcription which
are most commonly used during (a) the late lytic cycle and (b) the early lytic cycle. The downstream sites are favored in SV40-transformed
mouse cells (15). (B) Possible mRNAs transcribed from a double insertion of SV40 sequences, which included one complete and one partial
(upstream) copy of the early region. The coding sequences which gave the 100-kDa protein its extra length must have come from (a) the
upstream copy of the large-T intron; (b) the truncated upstream copy of the large-T second exon; (c) the downstream copy of the
origin-control region; (d) the downstream copy of the large-T first exon; or some combination of these sequences.

tirely from the wild-type sequences contained in a plasmid
called pSTER, which contained a complete wild-type early
region from the Kpnl site to the BamHI site. The Kpnl site
was replaced by an EcoRI linker, and the sequence was
cloned into pBR322. For our purposes, the pSTER insert
was recloned into pAT153 (44), a pBR322 derivative which
contains a 622-base-pair deletion that includes the Pvull site.

Clone p100-D contained an extra copy of the SV40 Pvull
fragment which spanned positions 270 to 3506 (Fig. 5). The
Pvuil site at 270 was only 24 base pairs downstream from the
Kpnl site, so the duplicated fragment contained the com-
plete enhancer sequence as well as a wild-type origin region.
Since the duplication extended only as far as the Pvull site at
position 3506, it was shorter than the upstream duplication
found in pSV3T3-M-A, but longer than the one from p25B.
p100-D could indeed make the 100-kDa protein in addition to
94-kDa protein (Fig. 1a, lane F).

Failure of partial repeats with mutated origins to encode
100-kDa protein. It has previously been observed that mouse
transformants made by transfection of SV40 sequences with
defective origins of replication are unable to express the
100-kDa super-T antigen (9). This holds true for transform-
ants made either with the pSVOri~ plasmid (9), which
contains a 1-base-pair change plus a 4-base-pair insertion
within the Bgll site, or with the p6-1 plasmid (17), which
contains a 6-base-pair deletion in the same region (see Fig.
3A). In view of our findings, it seemed possible that the
replication-deficient plasmids might be unable to generate
the partial-repeat structures necessary to encode the 100-kDa
protein.

To test this hypothesis, we constructed tandem repeats
containing origin mutations by inserting the Kpnl fragment
from p25B into the Kpnl sites of pSVOri~ and p6-1 (Fig. 4b,
plasmids p25B-Ori~ and p25B-6-1). In each case the trun-
cated early region was inserted in the same orientation as the
full-length one. Unlike p25B-RI, which had a wild-type
origin in front of its full-length repeat, neither p25B-Ori~ or
p25B-6-1 expressed 100-kDa super-T antigen (Fig. 4a, lanes
G and H). We conclude that it was the alteration in the DNA
itself rather than the inability to make a tandem repeat after

transfection which prevented origin-defective SV40 se-
quences from producing the 100-kDa super-T antigen.

DISCUSSION

We have identified sequences which code for a 100-kDa
super-T antigen from two separate SV40 mouse transform-
ants. In each case, the coding sequence contains one com-
plete and one partial copy of the SV40 early region. In
addition, we have shown that a 100-kDa-protein template
sequence can be constructed in vitro by placing a truncated
copy of the SV40 early region upstream from a full-length
early region with an intact origin of replication. We conclude
that the appearance of a 100-kDa super-T antigen in SV40-
transformed mouse cells is due to the tandem integration of
two partial copies of the wild-type viral genome.

Our data indicate that the truncated early region can be of
different lengths, but includes the first exon and intron of the
large-T antigen (see below). The two insertions can be
separated by as much as 600 base pairs (as in pSV3T3-M-A),
or they can be immediately adjacent (as in pl00-D). The
finding that the 100-kDa coding sequences include partial
repeats of viral DNA explains the previously observed
correlation between 100-kDa production and the presence of
partial repeats in SV40-transformed cell lines (3).

Structure of the mRNA for the 100-kDa protein. The coding
regions which give the 100-kDa super-T antigen its addi-
tional length must be derived from the sequences which
p25B, pSV3T3-M-A, and pl00-D have in common. Since
p100-D consists entirely of unaltered wild-type sequences,
the variant exon or exons must lie within stretches of
wild-type viral DNA. The additional coding sequences must
come from (i) the upstream copy of the large-T intron; (ii) the
small part of the large-T second exon which is retained by
the upstream repeat of even p25B; (iii) the origin-control
region; or (iv) the downstream copy of the first exon (see
Fig. 3B).

Two lines of evidence suggest that one or both of the
large-T-antigen splice junctions are necessary for 100-kDa-
protein production, whereas the sequences within the intron
itself are apparently not required. First, mouse transform-
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FIG. 4. The 100-kDa coding sequence made of wild-type sequences. (a) Immunoprecipitation was performed as described in the legend
to Fig. 1a. The plasmids transfected were pSVRI (A), pSVOri~ (B), p6-1 (C), p25B (D), p25B-J (E), p25B-RI (F), p25B-Ori~ (G), and p25B-6-1
(H). T, Tumor serum; N, normal serum. (b) p25B-J was constructed by deleting a BstXI fragment from p25B. p25B-RI, p25B-Ori~, and
p25B-6-1 were constructed by inserting the Kpnl fragment from p25B into the Kpnl sites of pSVR1, pSVOri~, and p6-1, respectively. In each
case the truncated early region was inserted in the same orientation as the full-length one.

ants made by transfection of the cDNA for large-T mRNA
do not express the 100-kDa protein (Y. Gluzman, personal
communication). Second, the mutant virus d/884 lacks 245
base pairs within the large-T-antigen intron (including the
last 63 codons and donor splice junction of the small-t
antigen; 40), and yet the mouse transformants made with this
mutant do express 100-kDa protein (10).

The tandem repeat which codes for the 100-kDa super-T
antigen also expresses the wild-type protein of 94 and 17
kDa. It seems probable that the transcripts which code for
the wild-type proteins are initiated at the downstream origin
and processed just as they would be after transcription from
any wild-type early region. We propose that the 100-kDa
protein is translated from a third transcript which initiates at

the upstream origin and continues through the host DNA
into the full-length copy of the gene. After this long primary
transcript is made, the variable portion of the upstream
insert plus part or all of the first exon of the downstream
insert must be removed by RNA splicing (see Fig. 3B).
However, a short region must be retained to provide the
coding sequence for the extra 6 kDa.

Surprisingly, our data indicate that the sequences at the
origin of the downstream repeat are crucial for the expres-
sion of the 100-kDa protein. The intriguing possibility arises
that a cryptic splice junction, the extra coding sequences, or
both may come from the origin region itself, which contains
a short open reading frame with no known coding function
(see Fig. 3A). Since the 6-base-pair, in-phase deletion in
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FIG. 5. Artificial construction of a 100-kDa coding sequence. pl00-D was constructed by inserting a 2,007-base-pair, Pvull early-region
fragment into one of the Pvull sites of pSTER. This fragment contained a complete origin of replication, the first exon of T antigen, the
T-antigen intron, and approximately two-thirds of the T-antigen second exon. Thus, p100-D contained a truncated copy of the early region
followed by a complete early region in the same orientation. p100-D was composed entirely of wild-type viral sequences.

p25B-6-1 abolishes 100-kDa expression as efficiently as the
4-base-pair insertion of p25B-Ori~, it is possible that a splice
signal rather than a reading frame is interrupted by these
mutations.

Alternatively, it may be that the origin sequences are not
used either as coding sequences or as splice junctions, but
are nevertheless required for the correct splicing or initiation
of the 100-kDa mRNA. For instance, the origin mutations of
p25B-Ori~ and p25B-6-1 might prevent the primary tran-
script from forming a secondary structure which is a neces-
sary precursor to the processed mRNA. This is especially
plausible since the Bgll site falls within a 100-base-pair
sequence that is capable of forming double-hairpin loops
(36). Another explanation suggested to us by Yaakov Gluz-
man involves a possible competition between the two tran-
scriptional promoters within the double insertion of early
SV40 sequences. The origin mutations of pSVOri~ (9) and
p6-1 (17) are located within a T-antigen binding site (site 2)
which has been implicated in the down-regulation of tran-
scription (41). It is conceivable that the downstream mutated
origin region is transcribed in preference to the upstream
wild-type region in the constructs p25B-Ori~ and p25B-6-1.

If the origin region is not the source of coding sequences
for the 100-kDa protein, the additional coding sequences
might come from the upstream fragment of the second exon,
the second, downstream copy of the first exon, or both. This
matter can be resolved by an examination of SV40 early
mRNAs in cells which produce 100-kDa protein (Levitt,
Lewis, Manley, Pollack, and Chen, manuscript in prepara-
tion).

Function. In a previous study of a set of cell lines derived
from SV101, the amount of 100-kDa protein was coirelated
with the degree of anchorage-independent growth (10). It
would be of interest to determine which functions of the
large-T antigen are retained by the 100-kDa variant. How-
ever, an experiment which directly compares the transform-
ing and replicating abilities of the 94- and 100-kDa proteins is
not possible at the present time since no clone is available
which makes only the super-T antigen. An examination of
the mRNA for the 100-kDa protein may reveal whether any
of the functional domains of the wild-type T antigen are
duplicated or altered in the super-T antigen.

Frequency of occurrence. The discovery that a tandem
repeat rather than a specific mutation or alteration generates
100-kDa protein provides an explanation for the high fre-
quency with which the super-T antigen appears in mouse
transformants. Tandem duplications of the early region are
ubiquitous in SV40-transformed mouse cells, whether they
are produced by viral infection (3, 13) or by plasmid transfec-

tion (Blanck, Pollack, and Chen, manuscript in preparation).
In both cases the repeats apparently arise as a by-product of
the mechanism of integration. During infection, SV40 repli-
cates in the form of large head-to-tail polymers which
integrate as tandem partial repeats through double-crossover
recombination (11). During transfection, plasmid sequences
are ligated end to end by cellular enzymes to form large
concatomers which recombine and integrate en masse (31,
34).

Further duplications also arise after the primary integra-
tion events, most likely as a result of bursts of out-of-phase,
onion-skin-type replication, which can start either from the
origin of an already integrated SV40 sequence (5) or from a
local cellular origin (33). Amplification of this sort may arise
within a single generation (33). The finding that the 5’
mouse-SV40 junction in pSV3T3-M-A is the same in both of
its early-region copies argues that replication and reintegra-
tion took place after the primary integration event in SV3T3
CIM (13). In the case of p25B, the duplication of a viral
sequence lacking part of the enhancer could have occurred
before integration during concatomer formation or after
integration during some subsequent amplification event. The
finding that most pSVR1 transformants produce 100-kDa
protein by passage 3 (when they are first examined), whereas
the rest are 100 kDa positive by passage 10 (9) suggests that
the tandem repeat may be established by either primary or
secondary integration events.

Conclusion. Sequence studies suggest that certain genes
may have evolved by incorporating more than one copy of
an amplified coding unit into a single transcript. For exam-
ple, the chicken conalbumin protein apparently arose from
the doubling of an ancestral gene with seven or eight exons
(14), whereas the chicken ovomucoid protein was probably
created by the triplication of a gene with a single intron (39).
Furthermore, the collagén gene family may have evolved
from the extensive amplification of a small coding unit of 54
base pairs (45).

The 100-kDa super-T antigen found in SV40-transformed
mouse cells is produced as the consequence of a partial gene
duplication that occurs during or soon after the integration of
viral DNA into mouse chromosomes. Although the duplica-
tion includes the first exon, the intron, and part of the second
exon of the large-T-antigen gene, it has not yet been estab-
lished that two copies of the same sequence are expressed in
the protein. Our data suggest that the additional coding
sequences may come, instead, from the duplicated control
region which precedes the second copy of the gene. In either
case, it seems probable that the variable portion of the
transcribed duplication is removed by splicing and that



VoL. 5, 1985 SV40 PARTIAL REPEATS CODE FOR A SUPER-T ANTIGEN 749

coding sequences which are separated by different lengths of
DNA are joined together to produce the same—or a very
similar—protein. This observation implies a striking degree
of flexibility in the process by which genes in pieces can be
assembled to form new proteins (16).
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