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An extensive analysis of the fate and structure of polyomavirus-plasmid
recombinant molecules transfected into Rat-1 cells has revealed that the DNA
often becomes integrated within transformed cell DNA in a head-to-tail tandem
arrangement. This occurs independently of the replicative capacity of the trans-
forming DNA and is facilitated by the use of large quantities of DNA during
transfection. These observations have led us to suggest that head-to-tail tandems
are formed by homologous recombination between transfected DNAs either
before or after integration within cellular DNA. To test this hypothesis, we have
measured the transforming activity of pairs of mutant, nontransforming, recombi-
nant plasmid DNAs that carry different lesions in the transforming gene of
polyomavirus. The results show that, although the individual mutant DNAs are
incapable of transformation, transfection with pairs of mutant DNAs leads to the
formation of transformed cells at high frequency. Moreover, there is a direct
relationship between the distance between the lesions in pairs of mutant DNAs
and their transforming activity. Finally, analyses of -the structures of integrated
recombinant plasmid DNAs and the viral proteins within independent trans-
formed cells prove that recombination occurs between the mutant genomes to
generate a wild-type transforming gene.

Polyomavirus, one member of the papovavirus-
es, is a small double-stranded DNA tumor virus
that is capable of replicating in mouse cells and
transforming other rodent cells in culture. The
transforming potential of the virus resides in the
early transcription unit which encodes three
tumor antigens, large, middle, and small T anti-
gen (28). Large T antigen facilitates the initiation
of transformation (8, 9, 12), whereas middle T
antigen is required to maintain the transformed
phenotype (3, 10, 14, 16, 20, 22, 23, 25, 27, 29).
The role of small T antigen in transformation is
not known. Stable cellular transformation is
achieved by the integration of the viral se-
quences within cellular DNA. Recombination
between the cellular and viral genomes does not
appear to involve specific sites, nor are regions
of extensive homology required (15). One distin-
guishing characteristic of polyomavirus-trans-
formed cells, especially transformed rat cells, is
the arrangement of the integrated viral se-
quences within transformed cell DNA in a head-
to-tail tandem array (1, 2, 4, 13, 19). This ar-
rangement of integrated viral sequences is not
only unique to polyomavirus-transformed cells
but also occurs in simian virus 40-transformed
cells (5, 18) and in cells transformed with viral
recombinant DNA (24). The formation of tan-
demly arranged, integrated viral DNA may be
stimulated by large T antigen (7), perhaps indi-
rectly, but is not absolutely dependent on the

activity of this protein (24). We have suggested
that tandemly integrated sequences are formed
by recombination between transforming DNAs
(24), and have now formally tested this possibili-
ty.

To determine whether homologous recombi-
nation can occur after transfection of mammali-
an cells, we used pairs of polyomavirus-plas-
mid recombinant DNAs that bear physically
separated mutations within their transforming
sequences (20, 29). These recombinant DNAs
are incapable of independently transforming
cells because their mutations completely inacti-
vate the activity of middle T antigen, the trans-
forming protein (20, 29). We reasoned that if
homologous recombination could occur between
the mutations borne by different nontransform-
ing mutant DN As after transfection of cells, then
wild-type (wt) transforming genomes would re-
sult. The latter, when integrated and expressed,
should yield wt middle and small T antigen and
result in cellular transformation. Moreover, we
expected that the greater the distance between
the mutations carried by the mutant pairs, the
greater the frequency of occurrence of trans-
formed cells. The structures of the various
recombinant plasmid DNAs employed in this
study are shown in Fig. 1B and C, together with
a physical map of that part of the polyomavirus
early transcription unit which they all contain
(Fig. 1A). Two different vectors were used to
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FIG. 1. Physical map of the polyomavirus early region important for transformation and the location of
mutations that render the DNA nontransforming. A linear map of the polyomavirus genome between the two
Hindlll sites at nucleotide positions 3918 and 1656 is shown (A) together with the location of relevant restriction
endonuclease cleavage sites. The solid triangle marks the junction of nucleotide numbers 5292 and 1. which is
thought to be near the site from which bidirectional DNA replication initiates (ori). Below the linear map are
displayed the coding sequences for the polyomavirus tumor antigens (T antigens). Note that all three T antigens
share sequences at their amino termini (the blocked areas with the horizontal lines), but as a result of RNA
splicing, the reading frame is altered for large and middle T antigens. Therefore, all three T antigens differ in
amino acid sequence following the splice junction in their respective mRNAs. The amino acid blocks are not
joined in the illustration, the better to display their origin from the DNA sequences shown above them. Note that
the coding sequences for large T antigen continue beyond nucleotide position 1656. The structure of the parental
plasmids, pPH1-8 and pPBR2, and the mutant genomes derived from them are shown in B and C. pPHI-8 is
composed of polyomavirus sequences between the Hindl1I sites (illustrated as a blocked area in B), which were
cloned within the Hindlll site of pBR322 DNA (B, thin line). The mutant genomes shown below the structure of
pPH1-8 (pPin2, pPin67, and pPdli1-8 in B) were derived from pPH1-8 by altering the Aval or Pvull cleavage sites
within the viral sequences (20). pPin2 contains a 4-bp insertion (@) that destroys the Aval site at nucleotide
position 657. pPin67 contains a 4-bp insertion that destroys the Aval site at nucleotide position 1016. pPdI1-8
contains a deletion (A) of about 30 bp that removes the Pvull site at nucleotide position 1144. pPBR2 (C) is
composed of the BamHI-to-EcoRI fragment of polyomavirus DNA (blocked area) and the BamHI-toEcoRI
fragment of pMK16.1 (wavy lines). The two mutants derived from pPBR2, pPdI3, and pPdl15, carry deletions of
about 15 and 10 bp that remove the Pstl and SsiI sites, respectively.

construct the recombinant genomes, pMK16.1
and pBR322. These vectors are homologous to
each other over only a part of their DNAs (they
share sequences that include part of the tetracy-
cline resistance marker). The mutant genomes

were constructed as described previously (20).
Shown in Table 1 is the outcome of an experi-
ment in which Rat-1 cells were transfected with
the mutant recombinant DN As, either alone or
in pairs, and the number of transformed cells
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TABLE 1. Transformation of Rat-1 cells with

mutant pairs of nontransforming polyoma virus
recombinant DNAs*

Approx Foci per dish

Recombinant DNA  pitance

nl:::;‘i:s:s Separate dishes Avg

(bp)

pPin2 0,0,0,0 0
pPin67 0,0,0,0 0
pPdI3 0,0,0,0 0
pPdi1-8 0,0,0,0 0
pPdl15 0,0,0,0 0
pPin2 and pPin67 360 19,19,21,23 21
pPdI3 and pPdl1-8 660 19,25,34,35 28
pPdl15 and pPdI3 870 74,88,104,125 98
pPH1-8 460,492,521 491
pPBR2 445,480,493 473

@ Rat-1 cells(3 X 10° to 5 X 10°) per 10-cm-diameter
plastic dish) were transfected with 1 pg of each mutant
DNA alone or in pairs, with calcium phosphate used to
facilitate DNA uptake as described (14, 20). The
cultures were stained with Giemsa, and foci were
counted after 10 to 14 days.

that resulted scored as foci. Transfection of Rat-
1 cells with each mutant DNA alone (1 pg of
mutant DNA per § x 10° cells) yielded no foci.
By contrast, transfection with mixtures of two
mutant DNAs (1 pg of each species per 5 x 10°
cells) yielded a large number of foci, and the
greater the distance between the mutations
borne by the mutant DNA pairs, the higher the
frequency of occurrence of foci (Table 1). As a
control, two wt recombinant plasmid DNAs, the
parents of the mutant DNAs, were also tested
for transforming potential. One ng of each of
these DNAs yielded approximately 500 foci. By
comparison, from 20 to 100 foci resulted from
transfection with pairs of mutant DNAs, de-
pending upon the distance between the muta-
tions carried by each DNA (Table 1).

The transformed cells that arose after trans-
fection with pairs of nontransforming recombi-
nant DNAs could have resulted from comple-
mentation or recombination between the mutant
DNAs. To determine which of these explana-
tions was correct, we isolated six independent
transformed cell lines (three lines from the cross
pPdl 3 X pPdl 1-8 and three lines from the cross
pPin2 X pPin67) and examined the structure of
the integrated viral sequences for recombinant
restriction enzyme fragments. In addition, we
isolated the viral proteins from these cell lines
and measured their molecular weights by poly-
acrylamide gel electrophoresis. Each of the mu-
tant recombinant DNAs that we employed in
transformation assays bears a lesion that de-
stroys a restriction endonuclease cleavage site.
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For example, pPdl1-8 carries a deletion of about
30 base pairs (bp) that removes a Pvull cleavage
site, whereas pPdI3 has a deletion of about 15 bp
that includes a PstI cleavage site (Fig. 1B and C;
Fig. 2, panel 1A and B). If recombination should
occur between these markers before or after
integration to generate a wt genome, then this
could be recognized by cleavage of the trans-
formed cell DNA with Pvull and PstI. A frag-
ment of 660 bp would result comigrating with a
fragment obtained by cleaving one of the paren-
tal, wt, DNAs (i.e., pPBR2 or pPH1-8) with
these same enzymes (Fig. 2, panel 1C). Such
recombinant fragments would be diagnostic of a
recombination event. Application of this method
to analyze the integrated viral DNA in three cell
lines isolated after transfection with pPdl1-8 and
pPdI3 revealed the presence of recombinant
DNA fragments in each of these cell lines (Fig.
2, panel 1D). Similarly, when this method was
used to analyze the integrated viral DNA pres-
ent in three transformed cell lines that resulted
from the cross pPin2 X pPin67 (Fig. 2, panel 2A
through C), we again observed the presence of
recombinant DNA fragments that could only
have been generated by recombination between
the lesion in each mutant DNA to yield a wt
transforming gene (Fig. 2, panel 2D).

Finally, we analyzed the viral proteins in each
of the six cell lines described above. This was
accomplished by incubating the cells with
[>*SImethionine, isolating the total complement
of cellular proteins and then immunoprecipitat-
ing the viral proteins by reaction with antiserum
obtained from rats bearing tumors induced by
polyomavirus-transformed cells. The spectrum
of labeled proteins that are immunoprecipitated
with the antiserum from tumor-bearing rats by
comparison with those that react with antiserum
from normal rats are shown in Fig. 3. Each of
the six transformed cell lines synthesized full-
length, middle, and small T antigens. The syn-
thesis of complete middle T antigen by each of
these cell lines could only occur by expression
of a wt coding region that resulted from homolo-
gous recombination between the transfected mu-
tant DNAs.

The analysis of integrated viral sequences and
viral proteins in cells transformed with pairs of
mutant nontransforming DNAs leads us to con-
clude that homologous recombination can occur
between transfected DNAs. The frequency of
homologous recombination is difficult to mea-
sure accurately, but our results suggest that it is
relatively high. For example, as many as 100 foci
resulted from transfection with pairs of mutant
DNAs whose lesions are separated by about 900
bp. By comparison, approximately 500 foci re-
sulted after transfection with a nearly equivalent
amount of wt DNA. The mechanism by which
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FIG. 2. Analysis by Southern blotting and hybridization of the cellular DNA of Rat-1 cells transformed with
pairs of nontransforming mutant recombinant plasmids. Panel 1 shows the structures of pPdl1-8 (A) and pPdI3
(B) DNA, the sites of cleavage by PstI (Ps) and Pvull (P), and the lengths of the resulting fragments in bp. The su-
perscript R denotes that this site is resistant to cleavage by the restriction endonuclease. If a recombination event
should occur between the deletions borne by the mutant DNAs to generate a wt transforming gene, then its
structure would resemble that shown in C. Note that the PstI-Pvull restriction endonuclease cleavage map of
this putative recombinant plasmid (panel 1C) is different from that of its parents (shown in A and B). In
particular, a new viral fragment of 660 bp (the darkened area) would occur after cleavage of this putative
recombinant DNA with PstI and Pvull that would comigrate with a similar fragment obtained by cleaving the wt
polyomavirus sequences (i.e., pPBR2 or pPH1-8) with these same enzymes. In panel D are shown the results of
cleaving with PstI and Pvull of 10 pg of cellular DNA from three independent transformed cell lines (numbered
1, 2, and 3) that resulted from transfection with a mixture of pPdl3 and pPdl1-8 DNAs followed by agarose gel
electrophoresis, blotting, and hydrization to a 32P-labeled probe that contained only viral sequences between
nucleotide positions 5262 and 1144. The lanes marked M1 and M2 contained 10~ and 10™° g, respectively, of
pPBR2 DNA that had been cleaved with Ps:I and Pvull and analyzed on the same gel. The two fragments that
hybridized to the probe in the marker lanes are 660 and 514 bp long. The arrow indicates the position of the 660-
bp fragment that is diagnostic of a recombination event which occurred between the deletions borne by pPdi1-8
and pPdl3. In panel 3, the Aval (marked by A) restriction endonuclease cleavage maps of the mutant
nontransforming DNAs of pPin2 (A), pPin67 (B), and a putative recombinant transforming DNA (C) are shown.
The darkened area in C represents the 359-bp fragment that would be diagnostic of a recombination event
between the lesions borne by the two mutant DNAs. The results of cleaving the cellular DNAs from three
independent transformed cell lines (numbered 4, 5, and 6) with Aval followed by agarose gel electrophoresis,
blotting, and hybridization to a 3?P-labeled viral probe (viral sequences between nucleotide positions 5262 and
1144) are shown in panel 2D. Lane M contained 10~ pg of pPBR2 DNA cleaved with Aval. The arrow denotes
the position of the 359-bp fragment that is diagnostic of a recombination event between the mutations borne by
pPin2 and pPin67. The symbols used to denote the nature of the mutations are described in the legend to Fig. 1.
The autoradiograms shown in panels 1 and 2 were originally part of a single autoradiogram which was
subsequently cut for illustrative purposes and because the various lanes were exposed for different periods.
Panel 1D, lanes 1 and M2, were exposed for 2 days; lanes M1, 2, and 3 were exposed for 18 days. The
nitrocellulose sheet was exposed for 18 days to obtain the autoradiogram shown in panel 2D.
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FIG. 3. Analysis by immunoprecipitation of the viral
tumor antigens in Rat-1 cells transformed with pairs of
nontransforming recombinant plasmid DNAs. The
transformed cell lines were seeded at a density of 5 x
10* cells per cm? on plastic dishes (diameter, 6 cm) in
Dubbecco modified Eagle medium supplemented with
10% fetal bovine serum. After 24 h, the medium was
removed, and the monolayers were washed twice with
5 ml of phosphate-buffered salt solution and once with
5 ml of methionine-free Dulbecco modified Eagle
medium. The cells were then incubated with methio-
nine-free Dulbecco modified Eagle medium (2 ml) and
400 uCi of [>*S]methionine for 5 h at 37°C. Labeling of
the cellular proteins was terminated by removing the
medium and washing the cell monolayers twice with 5
ml of ice-cold phosphate-buffered saline. Extracts
were prepared and analyzed by immunoprecipitation
with anti-polyomavirus T antigen immune serum from
rats bearing tumors induced by polyomavirus-trans-
formed rat cells as described (19). The immunocom-
plexes formed with normal serum (N) and antitumor
serum (T) were electrophoresed through 10% poly-
acrylamide-sodium dodecyl sulfate gels, and the
[>’SImethionine-labeled proteins were visualized by
autoradiography. The [**S]methionine-labeled tumor
antigens from mouse cells lytically infected with po-
lyomavirus were processed as described above and
were run on the same gel as markers. Their positions
are indicated by the lettering on the right of the
autoradiogram: LT, large T antigen; mT, middle T
antigen; sT, small T antigen. The arrow marks a
cellular protein immunoprecipitated by this particular
preparation of antiserum. This cellular protein is not
induced by viral transformation because it is equally
abundant in untransformed Rat-1 cells. Lanes 1
through 3 contain the proteins that are immunoprecipi-
tated by normal (N) and anti-T antigen (T) antiserum
from three independent transformed cell lines trans-
fected with a mixture of pPdl3 and pPdi1-8 DNA.
Similarly, lanes 4 through 6 contain the immunopreci-
pitated proteins from three independent transformed
cell lines that resulted form transfection with a mixture
of pPin2 and pPin67 DNA. The cell lines labeled 1
through 6 here are the same as those designated 1
through 6 in Fig. 2.
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the DNAs are recombined is not known, nor do
we know whether this process is mediated by
viral proteins. However, if viral proteins are
required for recombination, then only small T
antigen can fulfill this role because only it could
have been expressed from one or the other of the
mutant DNAs present in the various crosses
(Fig. 1). Moreover, replication of the mutant
DNAs is not required for recombination to occur
because each of the DNAs employed in the
crosses is incapable of encoding large T antigen,
a protein required for the initiation of viral DNA
replication.

A distinguishing characteristic of simian virus
40-transformed and polyomavirus-transformed
cells is the frequent occurrence of the integrated
viral sequences in a head-to-tail array (1, 2, 4, 5,
13, 18, 19). Several investigators have postulat-
ed that this arrangement of integrated viral DNA
occurs by the integration of rolling-circle inter-
mediates that are generated by a replicational
mechanism (6, 7). However, several observa-
tions argue against this mechanism as the sole
means of tandem formation. First, replication-
incompetent DNAs are capable of becoming
arranged as head-to-tail tandems within cellular
DNA (24), and second, the frequency of occur-
rence of tandemly integrated genomes in trans-
formed cells is directly proportional to the
amount of DNA inoculated per cell (24). The
results we have presented show that homolo-
gous recombination can occur after transfection
of mammalian cells with DNA, and we suggest
that this mechanism can account for the forma-
tion of tandemly integrated genomes in trans-
formed cells. It is not clear to us whether
homologous recombination between the trans-
fected species occurs before or after their inte-
gration within cellular DNA. To resolve this
question, we are currently attempting to isolate
recombinational intermediates. Finally, the ob-
servations we have made are not unique to
polyomavirus recombinant DNAs and Rat-1
cells but appear to be generally true of other
animal cells transfected with a variety of DNA
molecules (11, 17, 21, 26, 30, 31).

We thank Anne-Marie Mes for the mutant recombinant
DNAs.
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