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The frequency of transformation of rodent fibroblasts by polyomavirus is
enhanced by a viral gene product, large T-antigen. However, this effect of large T-
antigen cannot be demonstrated with pBR322-cloned viral DNA. Recently, it was
discovered that pBR322 contains cis-acting sequences inhibitory to DNA replica-
tion in mammalian cells. Because polyomavirus large T-antigen is required for
viral DNA replication, we examined the possibility that our inability to demon-
strate a requirement for large T-antigen in transformation with pBR322-cloned
viral DNA was due to the failure of the chimeric DNA to replicate in the
transfected cells. To this end we constructed polyomavirus recombinant mole-
cules with a plasmid (pML-2) that lacks these "poison" sequences and measured
their capacity to transform cells. Here we report that recombinant plasmids
capable of replicating in the transfected cells transform these cells at frequencies
approximately sixfold greater than their replication-defective counterparts.

Polyomavirus replicates in mouse cells and
transforms a wide variety of other rodent cells
(16). The transforming potential of the virus
resides in its early transcription unit, which
encodes three proteins or tumor antigens (T-
antigens) (7, 8, 13, 14). Genetic and biochemical
analyses of their function in transformation have
revealed that large T-antigen enhances the initia-
tion of transformation (2, 3, 5) but is not required
to maintain the transformed state (6). The latter
function is performed by middle T-antigen (10,
15) and may be aided by small T-antigen or a
part of large T-antigen (12). The mechanism by
which large T-antigen enhances the frequency of
transformation is not clear. Large T-antigen is
required during the lytic cycle to initiate each
new round of DNA replication (4), and we have
proposed that this protein functions during
transforming infections to increase the dose of
viral DNA per cell (6). This would enhance the
probability of integration of viral DNA into
cellular DNA, a necessary step to stabilize the
transformed state. This proposal was made to
explain our inability to show a requirement for
large T-antigen after DNA-mediated transforma-
tion with polyomavirus-recombinant plasmids.
We suspected that the use of relatively large
quantities ofDNA during transfection overcame
the need for large T-antigen. However, the in-
ability of recombinant viral genomes to replicate
in mammalian cells regardless of the presence of
large T-antigen could also account for our obser-
vations. The latter explanation was lent cre-
dence by the discovery that pBR322 (the vector

for the viral DNA) contains cis-acting, "poison"
sequences that retard replication of DNA in
mammalian cells (9). The isolation of new plas-
mids derived from pBR322 that lack poison
sequences (i.e., pML-2) has allowed us to test
this hypothesis.
To assess the relationship between the repli-

cating capacity of a recombinant plasmid and its
transforming potential, we constructed a variety
of recombinant DNAs and measured their ca-
pacity to replicate in mammalian cells and to
transform these cells. The compositions of the
various recombinant plasmids used for this in-
vestigation are described in Table 1. They fall
into several classes, including those composed
of pBR322 DNA and viral DNA that is either
capable of encoding functional large T-antigen
(pPBla and pPtsa at the permissive temperature)
or incapable of doing so (pPRla and pPtsa at the
nonpermissive temperature), and those com-
posed of pML-2 DNA and viral DNA that can
either encode functional large T-antigen
(pdPBla and pdPtsa at the permissive tempera-
ture) or cannot (pdPRla and pdPtsa at the re-
strictive temperature). To determine whether
these recombinant genomes could replicate in
permissive mouse cells or semipermissive Rat-1
cells, we transfected these cells with the plasmid
DNAs, extracted low-molecular-weight DNA 72
h later, and assessed the state of methylation of
the recombinant DNA as an indirect measure of
replication after digestion with DpnI and BclI,
followed by Southern blotting-hybridization
(11). Plasmid DNA that is propagated in Esche-
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TABLE 1. Composition of polyomavirus-plasmid recombinants"

Recombinant Vector Composition
plasmid
pPBlab pBR322 Entire polyomavirus genome cloned at its BamHI site in the + orientation
pPRla pBR322 Entire polyomavirus genome cloned at its EcoRI site in the + orientation
pPtsa pBR322 Entire genome of the tsA mutant of polyomavirus cloned at its BamnHI

site in the - orientation
pdPBlab pML-2 Entire polyomavirus genome cloned at its BamHI site in the + orientation
pdPRla pML-2 Entire polyomavirus genome cloned at its EcoRI site in the + orientation
pdPtsa pML-2 Entire genome of the tsA mutant of polyomavirus cloned at its BamHI

site in the + orientation

"The structure of the recombinant plasmids and the orientation of the viral sequences in comparison with the
vector sequences were determined by restriction endonuclease analyses. A + indicates that the early region of
polyomavirus is in the same transcriptional orientation as the bla gene of the vector. A - denotes the opposite
orientation.

b This recombinant contains a deletion of about 500 base pairs that straddles the HindIll site in the late region
of polyomavirus.

richia coli is methylated by the cell at adenine
residues that lie within the sequence GATC.
Such methylated sequences are recognized and
cleaved by DpnI. However, DNA that is isolat-
ed from bacteria and subsequently replicated in
mammalian cells is not methylated and therefore
becomes resistant to cleavage by DpnI. Similar-
ly, BclI recognizes and cleaves DNA within the
sequence TGATCA, but in contrast to DpnI,
this enzyme cleaves only DNA which is not
methylated at the adenine residue shown above.
Therefore, by digesting the recombinant DNA
that was recovered after transfection of mamma-
lian cells with DpnI and BclI (the latter cleaved
all the recombinant DNAs shown in Table 1
once), it was possible to distinguish the replicat-
ed DNA from the input DNA that did not
replicate. Replicated DNA appeared as a band
that comigrated with linear recombinant DNA.
Any unreplicated DNA appeared as lower mo-
lecular-weight fragments because each of the
recombinant plasmids described previously con-
tained many sites of cleavage for DpnI. The
results of this analysis are shown in Fig. 1.
Recombinant plasmids capable of encoding
functional large T-antigen (pPBla, pPtsa at
32°C, and pdPBla and pdPtsa at 32°C) were all
capable of replicating in permissive mouse cells.
However, among these, those which used pML-
2 as a vector replicated significantly more effi-
ciently than those that used pBR322 as a vector
(Fig. 1). Note that pPBla and pdPBla each
contain a deletion of approximately 500 base
pairs in the late region of the viral sequences, in
comparison with pPRla and pdPRla. This dele-
tion did not affect the expression of the early
region, nor did it influence the replication of the
recombinant plasmids. Not surprisingly, recom-
binant plasmids incapable of encoding functional
large T-antigen (pPRIa, pdPRla, and pPtsa and
pdPtsa at the restriction temperature) did not
replicate in the permissive host. Results identi-

cal to these were obtained when calcium phos-
phate was used as the facilitator instead of
DEAE-dextran.
To determine whether these observations

were also true for semipermissive Rat-1 cells,
the host for transformation, we also measured
the replicating capacity of pPtsa and pdPtsa
DNA at the permissive and nonpermissive tem-
peratures in these cells. Again, we observed that
functional large T-antigen is required for replica-
tion in these semipermissive cells and that
pBR322 sequences significantly inhibit the repli-
cation of the recombinant plasmid DNAs (Fig.
2). Note, however, that semipermissive Rat-1
cells did not support the replication of the vari-
ous recombinant DNAs as efficiently as permis-
sive mouse cells (compare Fig. 1 and 2). We
estimate that permissive mouse cells contain
from 100 to 200 replicated DNA molecules per
cell at 72 h posttransfection, whereas semiper-
missive Rat-1 cells contain 1% of that amount.
These calculations were made by assuming that
all the cells take up the transfected DNA and by
reference to markers of known quantity ana-
lyzed on the same gel.
To determine whether a relationship existed

between the capacity of a recombinant plasmid
to replicate in Rat-1 cells and its capacity to
transform these same cells, we next measured
the specific transforming activity of each of the
recombinant plasmids described previously. For
these measurements we calculated the specific
transforming activity of the DNA over a range of
DNA concentrations (from 2 to 100 ng of DNA
per 3 x 105 cells) in which doubling the amount
ofDNA transfected resulted in a doubling of the
number of foci (10). This activity was deter-
mined in triplicate for each of three DNA con-
centrations, and the experiments were repeated
three or four times, depending on the compari-
sons being made. Because large numbers of
plates had to be used to measure accurately the
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mately 20%. The results are summarized in
Table 2. The specific transforming activities of
replication-defective plasmids that are capable
of encoding functional large T-antigen were
nearly the same as those of plasmids that are
incapable of doing so (Table 2, experiments 1
and 2). Note that meaningful comparisons
among the transforming activities of various
DNAs can only be made within an experiment
and not between experiments. By contrast, the

-m __ ~ * specific transforming activities of recombinant
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FIG. 1. Replication of various polyomavirus-plas-
mid recombinant DNAs in mouse 3T3 cells. Polyoma-
virus recombinant plasmid DNAs were isolated from
E. coli DH-1 with the Triton-lysis protocol and puri-
fied by cesium chloride-ethidium bromide equilibrium
centrifugation as previously described (6, 10). Of each
supercoiled DNA species, 50 ng was used directly to
transfect NIH 3T3 cells with DEAE-dextran as the
facilitator. The cells were incubated at 32°C (pPtsa and
pdPtsa), 37°C (pPRla, pPBla, pdPRla, and pdPBla),
or 38.5°C (pPtsa and pdPtsa) in a humidified -CO,
incubator for 72 h, and then low-molecular-weight
DNA was isolated. The recovered DNA was digested
with BclI and DpnI and electrophoresed through a
1.0% (wt/vol) agarose gel; the DNA fragments were
then transferred to a nitrocellulose sheet and hybrid-
ized with 32P-labeled pPRla DNA. After the nitrocel-
lulose sheet was washed, it was autoradiographed for
24 h with intensifying screens. Photographs were
subsequently made from a single audioradiogram and
divided into the panels shown above for illustrative
purposes. The bottoms of the autoradiograms, which
show the unreplicated DNA, were cropped from the
final photograph. They revealed that half of the total
DNA remaining after 72 h had not replicated. The
arrows to the right of the panels labeled pBR322 and
pML-2 refer to the positions of linear pPtsa and pdPtsa
DNA, respectively. The lane labeled M in the pBR322
panel contains, from top to bottom, linear pPtsa DNA
(10-4 p.g), supercoiled pPtsa DNA (10-5 pLg), and
linear polyomavirus DNA (10'- pg) as molecular
weight markers. The lane labeled M in the pML-2
panel contains, from top to bottom, linear pdPtsa
DNA (5 x 1o-4 ,ug), supercoiled pdPtsa DNA (10-5
pLg), and linear polyomavirus DNA (10-5 ,ug).

specific transforming activities of the various
recombinant plasmids, we performed the experi-
ments in groups of two to four DNAs. The error
margin within each experiment was approxi-

gig.~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

FIG. 2. Replication of pPtsa and pdPtsa DNA in
Rat-1 cells at the permissive and nonpermissive tem-
peratures. Rat-1 cells were transfected with 500 ng
each of pPtsa and pdPtsa DNA, and the replication of
the DNA was assessed as described for Fig. 1. The
arrow at the left of the panel labeled pBR322 refers to
the position of linear pPtsa DNA, and the arrow to the
left of the panel labeled pML-2 refers to the position of
linear pdPtsa DNA. The lanes labeled M contain a Sall
partial digest of l0-5 ,ug of pPtsa DNA (pBR322) or
pdPtsa DNA (pML-2). Sall cleaves both of the afore-
mentioned recombinant plasmids once. The top band
in each of the lanes labeled M corresponds to nicked
circular DNA, the middle band corresponds to linear
DNA, and the fastest-migrating species is supercoiled
DNA. Note that the digest in lane M (pML-2) contains
very little supercoiled pdPtsa DNA. The nitrocellulose
sheet was exposed to film for 6 days with intensifying
screens. Photographs were subsequently made from a
single audioradiogram and divided into the panels
shown above.

1672 NOTES

I

-1

L) B Q " ?



NOTES 1673

TABLE 2. Transforming activity of various
polyomavirus-plasmid DNAsa

C t Capacity
ty to Specific

Expt Plasmid Temp replicate produce transforming
(OC) reliat functional activity (fociin Rat-i large T- per Lg)bcells antigen

1 pPBla 37 - + 3,300
pPRla 37 - - 2,900

2 pPtsa 32 - + 6,100
pPtsa 38.5 - - 5,800

3 pdPBla 37 + + 16,000
pdPRla 37 - - 2,300
pdPtsa 32 + + 15,000
pdPtsa 38.5 - - 2,500

4 pdPBla 37 + + 13,000
pPBla 37 - + 2,700
pdPRla 37 - - 3,100
pPRla 37 - - 2,800

"Rat-1 cells were seeded at a density of 3 x 105 cells
per 100-mm-diameter plate and transfected 12 to 16 h
later with calcium phosphate as the facilitator.

b The specific transforming activity of each DNA
was calculated from titration curves obtained by trans-
fection in triplicate with three different amounts of
DNA (2 to 100 ng per plate) under conditions where
doubling the quantity ofDNA transfected resulted in a
doubling of the number of foci. For pBR322-based
plasmids these amounts of DNA were 10, 50, and 100
ng, whereas for pML-2-based vectors they were 2, 5,
and 10 ng of DNA per 3 x 105 cells. Each plate
contained an average of between 20 and 300 foci,
depending upon the nature and amount of DNA used.

plasmids capable of replicating and, of necessi-
ty, encoding functional large T-antigen were six-
fold greater than those of their replication-defec-
tive counterparts (Table 2, experiment 3). This
effect is related to the replicating properties of
the recombinant plasmids and not to the se-
quences of the vector because direct comparison
of the specific transforming activities of pPRla
and pdPRla DNA or of pPBla and pdPBla
revealed that only DNA capable of replicating
(pdPBla) transformed cells at elevated levels of
activity (Table 2, experiment 4). These results
establish a correlation between the capacity of
polyomavirus-plasmid recombinants to replicate
in Rat-1 cells and their capacity to transform
these cells, and they suggest to us that the
function of large T-antigen in the initiation of
transformation is to promote replication of the
transforming DNA. Thus, the number of copies
of transforming DNA per cell or the structure of
the DNA may be altered, and this could increase
the probability of integration.
Our results confirm and extend previous ob-

servations which showed that mutations that

affect the functioning of large T-antigen also
affect the initiation of transformation by the
virus. Comparisons of the frequency of transfor-
mation of hamster cells with the tsA mutant of
polyomavirus (2, 3, 5) or of Rat-1 cells with the
DNA of the tsA mutant (1) have shown that from
100 (for the former transformation) to 20 (for the
latter transformation) more transformants arise
at the permissive as opposed to the nonpermis-
sive temperature. Using molecularly cloned
polyomavirus DNA, we found a sixfold effect of
large T-antigen on the establishment of transfor-
mation. We believe that these quantitative dif-
ferences are related to the replicating properties
of the DNAs and the degree of permissiveness of
the host cells.
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