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Linear forms of simian virus 40 (SV40) DNA, when added to transfection mixtures containing circular SV40
and $X174 RFI DNAs, enhanced the frequency of SV40/¢$pX174 recombination, as measured by infectious
center in situ plaque hybridization in monkey BSC-1 cells. The sequences required for the enhancement of
recombination by linear DNA reside within the SV40 replication origin/regulatory region (nucleotides 5,171 to
5,243/0 to 128). Linearization of ¢$X174 RFI DNA did not increase the recombination frequency. The
SV40/¢pX174 recombinant structures arising from transfections supplemented with linear forms of origin-con-
taining SV40 DNA contained ¢$X174 DNA sequences interspersed within tandem head-to-tail repeats derived
from the recombination-enhancing linear DNA. Evidence is presented that the tandem repeats are not formed
by homologous recombination and that linear forms of SV40 DNA must compete with circular SV40 DNA for
the available T antigen to enhance recombination. We propose that the enhancement of recombination by
linear SV40 DNA results from the entry of that DNA into a rolling circle type of replication pathway which

generates highly recombinogenic intermediates.

The pathways and underlying mechanisms responsible for
recombination in animal cells are poorly understood. Inte-
grative recombination by DNA tumor viruses such as simian
virus 40 (SV40), polyoma virus, and adenovirus does not
generally involve specific sites in the viral or cellular ge-
nome, and extensive base sequence homology is not re-
quired (reviewed in reference 69), although a possible role
for very short regions of homology has not been excluded
(11). Because the molecular analysis of viral integration sites
in transformed cells is feasible only many cell generations
after the initial cell-virus recombination event, we and
others have devised short-term extrachromosomal recombi-
nation systems, based either upon the cell-mediated excision
of infectious SV40 DNA from transfected plasmid constructs
(65, 73, 74) or upon intermolecular réecombination between
cotransfected SV40 and foreign DNAs (1, 24, 31, 75, 76).
Some of these studies have led to the realization that, in
contrast to lower eucaryotes, nonhomologous recombina-
tion in higher eucaryotes is prevalent.

Previously, we have shown that DEAE-dextran-mediated
cotransfection of monkey BSC-1 cells with circular SV40
and $X174 RFI DNAs generates recombinant virus which
replicates in the presence of wild-type SV40 (76). The
frequency of recombination was measured, in terms of the
proportion of SV40-replicating cells which generate
SV40/$X174 hybrid virions, by an infectious center in situ
plaque hybridization procedure (24). Only recombinants
which retain a functional SV40 origin of replication and are
of a size which can be encapsidated into SV40 virions are
scored by this assay. The number of recombinant-producing
cells (10~3 with respect to the total cell population and 10~2
with respect to the successfully transfected subpopulation) is
unaffected by the level of gross nucleotide sequence homol-
ogy between SV40 and the cotransfected DNA (24). The
illegitimate recombination events observed are not artifacts
of the DEAE-dextran-mediated transfection process since in
a study of recombination between SV40 and adeno-associ-
ated virus (AAV), the same maximum number of SV40/AAV
recombinant-producing cells was recorded irrespective of
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the way in which the DNAs were introduced into the cells,
either by transfection or by covirion infection (31).

Several reports indicate that linear DNA is more recom-
binogenic than circular DNA in animal cells. When plasmid
DNA containing a selectable marker gene is introduced into
mouse cells by microinjection, at low input DNA concentra-
tions, linear molecules lead to higher transformation frequen-
cies than circular molecules, and the ends of the linear
molecules are involved in recombination with the mouse
chromosomal DNA (27). Intramolecular end-to-end ligation
has been observed after the introduction of linear DNA
molecules into cells by microinjection (38) and transfection
(14, 38, 74). Intermolecular ligation has been reported after
calcium phosphate-mediated transfection (46, 53) and, at
high DNA concentrations, after microinjection of DNA (27).
Linearization of SV40 DNA has been shown, at low DNA
concentratiohs, to increase the frequency of neoplastic trans-
formation of animal cells in culture (Z. Grossman and E.
Winocour, unpublished data), and linearization of polyoma
virus DNA enhances its oncogenic potential in animals of a
susceptible species (9, 35). Taken together, these reports
indicate that linearization of DNA before its introduction
into animal cells enhances the recombinogenic potential of
that DNA at both the chromosomal and extrachromosomal
levels. To explain this phenomenon, some have argued that
linearization of DN A by increasing the concentration of free
ends enhances the frequency of end-to-end ligation (74),
whereas others (12, 39, 57) have suggested that damage to
DNA (including double-strand breaks) may stimulate the
production of cellular enzymes involved in the recombina-
tion in a manner analogous to the stimulation of SOS
proteins by damaged DNA in bacteria (40). The results
described in the present report provide arguments for an
additional hypothesis, namely, that linear forms of SV40
DNA have a propensity for an unusual replication pathway
(probably of the rolling circle type) which generates highly
recombinogenic intermediates.

MATERIALS AND METHODS

Transfection. Suspensions of BSC-1 monkey kidney cells
were transfected with the indicated concentrations of SV40
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DNA I, $X174 RFI DNA, and various linear forms of SV40
DNA, using DEAE-dextran (molecular weight, 2 x 10°;
Pharmacia Fine Chemicals) as previously described (24, 27).

Recombination frequency. After DNA cotransfection, the
number of SV40 replicating cells and the number of recom-
binant-producing cells were determined by an infectious
center in situ plaque hybridization procedure described fully
elsewhere (24). The frequency of recombination (R) is de-
fined as the proportion of recombinant-producing cells nor-
malized to the proportion of SV40-replicating cells (24).

Preparation of virion stocks containing recombinant ge-
nomes. (i) Stocks containing a variety of recombinant ge-
nomes produced from many individual cells (mass lysate
stocks) were prepared by incubating the transfected cell
population until full cytopathic effect (CPE) had occurred (8
to 10 days posttransfection); the lysate was then collected,
freeze-thawed three times, and used to infect fresh cell
monolayers for progeny DNA preparation (described be-
low). (ii) Distribution of transfected cells in microwell plates
was used to isolate virion stocks containing recombinant
genomes produced originally from a single transfected cell
(77, 78); the transfected cells were mixed with uninfected
cells and plated in microwells such that each well received
on the average 2 x 10* uninfected cells and 10 transfected
cells. After the appearance of full CPE in some of the wells
(12 to 14 days), the microwell plates were freeze-thawed
three times, and a sample of each well was removed for
dot-blot hybridization (77, 78) with the appropriate DNA
probe. Aliquots from the hybridization-positive wells were
then used to infect fresh BSC-1 cell cultures; upon develop-
ment of full CPE, the lysates were collected, freeze-thawed
three times, and used to infect fresh BSC-1 cells for progeny
DNA preparation. (iii) Virion stocks containing SV40/$X174
recombinant genomes (produced from a single transfected
cell) were isolated from the agar overlays of the infectious
center assay (77, 78). Autoradiograms of filters hybridized to
$X174 [*?PIDNA were aligned with the agar overlays as
previously described (70, 77, 78), and plugs of agar corre-
sponding to the autoradiographic signals were picked, freeze-
thawed, and used to infect fresh monolayers in microwells;
upon the occurrence of full CPE, the microwell supernatants
were assayed for the presence of $X174 sequences by
dot-blot hybridization. The yields of the positive wells were
passaged by infection of fresh BSC-1 cells, and after the
occurrence of full CPE, the supernatants were collected and
used as the inoculum for progeny DNA preparation.

Plasmid constructs. The plasmid containing the /1135
mutant of SV40 (pSVdI1135) was a gift from K. Peden and
D. Nathans. The pML2K plasmid was prepared (by C.
Kahana) from the pML2 (43) derivative of pBR322 by
insertion of Kpnl linkers (New England Biolabs) into the
unique BamHI site. SV40 DNA (strain 777) was cloned via
the Kpnl site in the Kpnl site of pML2K, using procedures
described previously (24). The orientation in which the
direction of SV40 early gene transcription is the same as the
direction of the plasmid ampicillin gene transcription was
designated pSVK1 (Fig. 1). Sphl digestion of pSVKI1 fol-
lowed by religation was used to generate pSVK1S; pSVK1H
was produced by HindIII digestion of pSVKI1 and religation.
Stul and EcoRI digestion of pSVK1H followed by filling in
the EcoRI end (with dATP and dTTP, using the Klenow
fragment of E. coli DNA polymerase I [44]) and religation
resulted in pSVK1St (Fig. 1). The p306 plasmid (see below)
was produced from pSVKI1H by EcoRI and HindIII diges-
tion and repair of the nonflush ends with deoxynucleotides
with Kienow polymerase followed by religation.
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DNA preparation and analysis. Wild-type SV40 DNA
(strain 777), DNA of the di1019, di1020, d/1021, and di1083
mutants, and DNA of the various SV40 recombinant viral
stocks were extracted from virion-infected BSC-1 cells 48 h
postinfection by the method of Hirt (34) and further purified
by equilibrium sedimentation in ethidium bromide-contain-
ing CsCl gradients (51). Deletion mutants of SV40 were a gift
from D. Nathans. The supercoiled replicative form of $X174
DNA (6X174 RFI DNA) was prepared by the method of
Eisenberg et al. (25). Bacterial plasmid DNA was extracted
from Escherichia coli HB101 cultures grown to saturation in
LB medium containing 100 pg of ampicillin by a cleared-lys-
ate procedure (17) and equilibrium sedimentation in ethid-
ium bromide-containing CsCl gradients. DNA to be used in
transfection solutions was further purified by adsorption to
and elution from RPCS5 resin (4). Plaskon powder and
Adogen 464 used in the preparation of RPCS was the gift of
K. B. Jacobson and G. D. Novelli. DNA restriction frag-
ments were purified by separation on agarose gels and
elution from the gels by the glass powder adsorption tech-
nique (71). DNA was stored in TE buffer (10 mM Tris-hy-
drochloride [pH 7.4], 1 mM EDTA) at —20°C; concentra-
tions were determined by the absorbance at 260 nm and
confirmed by gel electrophoresis staining intensity in the
presence of ethidium bromide.

Restriction enzymes were used according to the recom-
mendations of the manufacturer (New England Biolabs).
Agarose gel electrophoresis was performed as previously
described (52), and transfer of DNA to nitrocellulose sheets
was performed as described by Smith and Summers (64).
The resulting blots were hybridized to [*’PIDNA probes
(200,000 cpm/ml, prepared by nick translation [59]) for 18 h
at 68°C in a solution (150 ml per blot) containing Denhardt
buffer (21), 6x SSC (SSC is 0.15 M NaCl plus 0.015 M
sodium citrate), and 100 p.g of denatured salmon sperm DNA
per ml. After several washes at room temperatute in 2X SSC
and one wash in 0.1x SSC at 68°C for 1 h, the blots were
dried, and autoradiograms were made with Agfa Curix X-ray
film in conjunction with intensifying screens at —70°C.

RESULTS

The infectious center in situ plaque hybridization assay,
which we use to compare the recombinogenic potentials of
linear and circular SV40 DNAs, quantitates SV40/$X174
recombination in terms of the number of recombinant-pro-
ducing cells normalized to the number of SV40 virion-pro-
ducing cells (24). Replication of the SV40/$X174 hybrid
virus, and consequently the development of recombinant
plaques, depends upon the retention of a functional SV40
replication origin, encapsidation restrictions, and a suffi-
ciency of wild-type SV40 (helper virus) to provide functions
missing in the recombinant genome. Because the specific
infectivity of linear SV40 DNA is only 1 to 5% that of
circular SV40 DNA, transfection with $X174 RFI DNA and
the linear form of SV40 DNA may give rise to recombinant-
producing cells which are not detected because of an insuf-
ficiency of helper virus for infectious center plaque forma-
tion (unpublished data). Accordingly, we devised protocols
in which the linear SV40 DNA was added as a supplement to
standard transfection reactions containing circular SV40
DNA (at a concentration close to the saturation level for
plaque formation) and $X174 RFI DNA. The number of
recombinant plaques arising from the supplemented trans-
fection reaction, compared with the number arising from the
standard transfection, was taken as a measure of the recom-
bination-enhancing properties of the linear DNA.
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FIG. 1. Construction of SV40 plasmids (see the text). SV40 nucleotide numbering is according to the BBB system (10). Thick lines

represent SV40 sequences, and thin lines represent plasmid sequences.

Presence of linear SV40 DNA increases frequency of recom-
bination. To examine the recombinogenic potential of linear
SV40 DNA, monkey BSC-1 cells were transfected with a
mixture containing 0.1 pg of supercoiled SV40 DNA (SV40
DNA I) and 1.0 pg of $X174 RFI DNA per ml supplemented
with either 1.0 pg of intact linear SV40 DNA per ml
(produced by Kpnl digestion of SV40 DNA I) or, as a
control, an additional 1.0 pg of SV40 DNA I per ml. The
frequency of SV40/$X174 recombinant foci was determined
by the infectious center in situ plaque hybridization proce-
dure ($6X174 DNA probe) described above. Table 1 shows
that the addition of 1.0 pg of Kpnl-linearized SV40 DNA per
ml led to a threefold increase in the number of recombinant-
producing cells. In contrast, the addition of the same amount
of SV40 DNA I produced little change in the recombination
frequency.

The viable SV40 mutant DNA d/1083 (22) in the super-
coiled configuration exhibited the same recombination val-
ues as did wild-type SV40 DNA I (Table 1). However, in
striking contrast to Kpnl-linearized wild-type SV40 DNA,
the addition of Kpnl-linearized mutant DNA did not increase
the frequency of recombinant-producing cells. Other prop-

erties of the SV40 d/1083 mutant DN A are described in more
detail below.

Conversion of $X174 RFI DNA to a linear form does not
influence recombination frequency. We next examined the

TABLE 1. SV40/6X174 recombination is enhanced in the
presence of linear SV40 DNA“

R
Suppl
upplement SV40 DNA 1 dl1083 DNA |
None 0.4 x 1072 0.5 x 1072
SV40 DNA 1 0.5 0.5
Kpnl-linearized SV40 DNA 1.4 4.2
Kpnl-linearized di1083 DNA 0.3 2.0

“ Monkey BSC-1 cells were transfected with mixtures containing 1.0 pg of
supercoiled $X174 RFI DNA per ml and 0.1 pg of supercoiled SV40 DNA |
(or supercoiled mutant d/1083 DNA 1) per ml. These mixtures were supple-
mented with 1.0 pg of either SV40 DNA I or Kpnl-linearized wild-type or
mutant d/1083 SV40 DNA per ml as indicated. Recombination (R) is the
proportion of virion-producing cells that also produce SV40/$X174 recombi-
nants as measured by the infectious center in situ plaque hybridization assay.
using a $X174 [**P]DNA probe (see the text).
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TABLE 2. Linearization of $X174 RFI DNA does not enhance
SV40/$X174 recombination*

R
SV40 DNA
(ng/ml) Supplement $X174 RFI $X174 RFI
supercoiled DNA linear DNA
0.05 - 0.4 x 1072 0.3 x 102
1.0 - 0.6 0.5
0.05 + 2.3 2.6

2 BSC-1 cells were transfected with SV40 DNA I, 1.0 pg of supercoiled
$X174 RF 1 DNA or $X174 RFI DNA per ml linearized at the single Ps:I site,
and supplemented (where indicated) with 0.5 pg of the Kpnl-Tagl B fragment
of SV40 DNA per ml. See Table 1, footnote a, and text for a description of the
measurement of recombination (R).

possibility that the enhanced recombinogenic potential of
linear SV40 DNA results from an increased frequency of
random intermolecular end-to-end ligation events. If this
were the case, we would expect that linearization of the
$X174 RFI DNA should result in a similar increase in the
recombination frequency. However, substitution of PstI-lin-
earized $X174 RFI DNA for supercoiled $X174 RFI DNA
did not alter the frequency of recombinant-producing cells
(Table 2). Even when the SV40/$X174 recombination level
was enhanced by the addition of the linear Kpnl-Tagql
origin-containing fragment of SV40 DNA (see below), the
recombination frequencies with linear and supercoiled forms
of X174 RFI DNA remained the same. Similar results were
obtained in recombination frequency measurements be-
tween SV40 DNA I and supercoiled or linear forms of
pBR322 DNA (data not shown). These observations, as well
as others reported below, do not support the notion that the
enhanced recombinogenic potential of linear SV40 DNA can
be explained solely on the basis of an increase in random
end-to-end ligation events.

Identification of sequences required for enhanced recom-
binogenic potential of linear SV40 DNA. To identify the
region of the SV40 genome required for the higher recom-
binogenic potential of the linearized form, standard trans-
fection reactions containing 0.05 or 0.25 pg of SV40 DNA
per ml and 0.5 pg of $X174 RFI DNA per ml were
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supplemented with SV40 DNA restriction fragments (Table
3; the map positions of these fragments are shown in Fig. 1).
The SV40/$X174 recombination values in Table 3 are pre-
sented as proportional values (AR); that is, the proportional
increase in the SV40/$X174 recombination frequency which
results from the addition of a given SV40 DNA restriction
fragment to the standard transfection reaction. The AR
values are adjusted to the concentration of linear DNA in the
transfection reaction, both in terms of weight (micrograms
per milliliter) and molarity (nanomolar) so that SV40 DNA
restriction fragments of different sizes may be compared.

Table 3 shows that the addition of SV40 DNA restriction
fragments which lack the replication origin and regulatory
region (for example, the Kpnl-Taql A fragment, the Kpnl-
BamHI B fragment, and the Tagl-BamHI B fragment) did
not significantly enhance the frequency of SV40/$X174
recombinant-producing cells. In contrast, the origin-contain-
ing (ori*) fragments and full-length linear DNA, prepared
from wild-type SV40, increased the frequency of recombi-
nant-producing cells to various extents. Table 3 also shows
that the Kpnl-BamHI A, Kpnl-Pstl A, and Kpnl-Taql B ori*
fragments of SV40 DNA, which contain decreasing portions
of early gene sequences, were as effective as each other on
a weight basis, and therefore their molar efficiencies de-
creased proportionally with their length. This observation
provides further evidence that the higher recombinogenic
potential of linear SV40 DNA fragments cannot be explained
solely on the basis of an increased frequency of end-to-end
ligation events since there are more free ends per unit weight
in small fragments than in larger fragments.

When the Kpnl-Taql B fragment of SV40 DNA (nucleo-
tides 4,739 to 5,243/0 to 294) was further reduced in size to
produce either the Sphl-Taql B fragment (nucleotides 4,739
to 5,243/0 to 128) or the KpnlI-HindIII fragment (nucleotides
5,171 to 5,243/0 to 294) the recombination-enhancing activity
was decreased on both a molar and weight basis (Table 4).
This loss of efficiency, however, was due to size. Extension
of Sphl-Taql B fragment with plasmid DNA sequences (the
Tagql C fragment of the pSVKI1S construct shown in Fig. 1)
fully restored the recombination-enhancing activity; simi-
larly, extension of the Kpnl-HindIII fragment with plasmid

TABLE 3. Only origin-containing SV40 DNA fragments enhance SV40/$X174 recombination

Proportional recombination increase® at SV40 DNA I concn:

SV40 DNA® Size ..
supplement (kilobases)* Origin 0.25 pg/ml 0.05 pg/ml
AR (pg/mb) AR (nM) AR (pg/ml) AR (nM)
Intact
Kpnl linearized 5.24 1.0 £ 0.1 33+x04 7.0 23.1
BamHI linearized 5.24 + 0.8 0.1 26 +0.3 2.2 6.6
Fragments
Taql-BamHI A 3.04 + 1.1 0.2 21+04 120 £ 1.7 23.6 + 3.3
Kpnl-BamHI A 3.00 + 5.0+09 9.8 + 1.7 20.0 £ 1.6 39.5 + 3.2
Kpnl-Pst1 A 2.33 + 5.0 £ 0.6 7.6 £ 0.9
Kpnl-Taql B 0.80 + 4.0+ 0.6 21+0.3 16.0 = 3.2 83+1.6
Kpnl-Taql A 4.44 - 0.1 0.1
Kpnl-BamHI B 2.24 - 0.3+0.3
Taql-BamHI B 2.20 - 0.0 = 0.04

“ Transfections contained 0.5 ug of X174 RFI DNA per ml, 0.25 or 0.05 pg of SV40 DNA I per ml, and 0.5 pg of the indicated SV40 linear DNA supplements

per ml.

® Fragments are denoted by the restriction enzymes used to digest SV40 DNA I and a capital letter to indicate the particular fragment, where A represents the

largest product and so forth (restriction maps are shown in Fig. 1).
¢ Calculated by using restriction maps of SV40.
4 +, Presence of an SV40 origin of replication; —, absence.

¢ AR = (R in the presence of supplement — R in the absence of supplement)/(R in the absence of supplement). These values have been normalized to fragment
concentration in terms of both weight and molarity. Values are the result of 2 to 10 independent transfections: error values are standard deviations.
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DNA sequences (the Kpnl-Xmnl B fragment of the pSVK1H
construct) restored efficiency (Table 4). These results indi-
cate that the SV40 sequences required for expression of the
recombination-enhancing activity of linear DNA are located
between the HindIII site at nucleotide 5,171 and the Sphl
site at nucleotide 128, a 200-base-pair (bp) region that
contains the replication origin and the three T antigen-
binding sites.

To pinpoint the essential sequence more precisely, Kpnl-
Taql B fragments from a number of viable deletion mutants
(containing various deletions around the HindIIl site at
nucleotide position 5,171) were compared for their recombi-
nation-enhancing activities (Table S). The Kpnl-Taql B
fragment of d/1135 (A = 5,082 to 5,144 [54]) was as active as
the wild-type fragment. In contrast, Kpnl-Taql B fragments
derived from d/1019 (A = 5,170 to 5,199 [50]), 4i1020 (A =
5,164 to 5,180 [50]), and d/1021 (A = 5,171 to 5,182 [50]) were
only 30 to 50% as efficient as the wild-type fragment. These
latter deletions affect A + T-rich sequences that form part of
a 10-bp palindrome, TTTTGCAAAA. Most striking of all
was the virtual total loss of recombination-enhancing activ-
ity exhibited by the Kpnl-Taql B fragment of d/1083 (A =
5,177 to 5,197 [22]), in which the deletion affects both the
A+ T-rich stretch and two of the three pentamer contact
sequences constituting T antigen-binding site I (20).

The dI1083 mutant replicates as well as does wild-type
SV40 at 37°C (22). Supercoiled dl1083, in the absence of
linear forms of SV40 DNA, recombined as well as did
wild-type SV40 (Table 1). However, in agreement with the
results obtained with the dl1083 Kpnl-Tagl B fragment
(Table 4), the intact Kpnl-linearized form of d/1083 exhibited
no recombination-enhancing activity when it was added to
transfections containing wild-type SV40 DNA I as the helper
(Table 1). Hence, the sequences deleted in d/1083 influence
the production of recombinants from linear but not circular
SV40 DNA (see below).

Recombination enhancement depends upon input ratio of
circular to linear DNA. The enhancement of SV40/$X174
recombination, by the addition of SV40 ori* restriction
fragments to the transfection mix, was more effective at an
SV40 DNA 1 concentration of 0.05 compared with 0.25
ng/ml (Table 3). To examine this concentration effect in
more detail, a dose-response experiment (Fig. 3A) was
undertaken. Increasing the SV40 DNA I concentration in the
presence of constant amounts of $X174 RFI DNA and SV40
ori* fragment DNA led to a decrease in the frequency of
SV40/$X174 recombinant foci. Indeed, the recombination-
enhancing activity of these SV40 DNA fragments virtually
disappeared at SV40 DNA I concentrations above 1.0 png/ml.
Increasing the fragment DNA concentration overcame the
inhibitory effects of higher SV40 DNA 1 levels (Fig. 3B).

The inhibitory effects of higher SV40 DNA I concentra-
tions on the recombination enhancement phenomenon were
not due to a decrease in the efficiency of the transfection
process. Thus, when the concentration of $X174 RFI DNA
was increased in the presence of constant amounts of SV40
DNA I and ori* fragment DNA, proportional increases in
the recombination frequency were observed (Fig. 3C). We
conclude, therefore, that the extent to which the SV40 ori*
fragments enhance SV40/¢$X174 recombination is specifi-
cally related to the SV40 DNA 1I/SV40 fragment DNA ratio
in the transfection mixture.

Recombination-enhancing linear SV40 DNA gives rise to a
characteristic class of recombinant structures. To gain insight
into the mechanism by which linear SV40 ori* DNA en-
hances recombination, we examined the structure of recom-
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FIG. 2. SV40 origin-containing DNA fragments and SV40 dele-
tion mutants. Heavy lines indicate SV40 sequences and thin lines
indicate plasmid sequences. Dotted line (Kpnl-Xmnl B fragment of
pSVKI1St) indicates the sequences deleted in the construction of
pSVKI1St from pSVK1H. Vertical dashed lines indicate the position
of restriction sites. The bottom portion shows the nucleotide se-
quence (early strand) deleted in the SV40 mutants d/1019, d/1020,
di1021, and di1083 (22, 50). The Hindlll and Stul recognition
sequences are underlined, and the nucleotides constituting part of
the contact pentamers of T antigen-binding site I (20) are overlined
(dashed).

binants arising in cells transfected with SV40 DNA 1, $X174
RFI DNA, and the Kpnl-Xmnl B fragment of pSVK1H (the
recombination-enhancing DNA fragment containing the
SV40 origin and flanking sequences, nucleotides 5171-
5243/0-294, linked to 429 bp of plasmid DNA; Fig. 1 and 2).
The structure of the recombinants was determined by using
two hybridization probes: a plasmid DNA probe to monitor
the participation of the recombination-enhancing linear DNA
itself, and a $X174 DNA probe to identify sequences de-
rived from $X174 RFI DNA. The evidence summarized
below establishes (i) that the recombinant structures contain
tandem (head-to-tail) repeats of sequences derived from the
recombination-enhancing DNA fragment and that these re-
peats are linked to DNA derived from wild-type SV40 DNA
I; (ii) that the head-to-tail repeats are not formed by homol-
ogous recombination; and (iii) that $X174 DNA sequences
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TABLE 4. SV40 region required for enhanced recombinogenic potential of linear DNA¢

Size Proportional recombination increase®
SV40 DNA fragment” . SV40 nucleotides

(kilobases) AR (pg/ml) AR (nM)
Kpnl-Taql B 0.83 4,739-5,243/0-294 16.0 = 3.2 83=*16
Sphl-Taql B 0.63 4,739-5,243/0-128 7.4 3.0
Kpnl-HindIll F 0.37 5,171-5,243/0-294 4.7 0.5 1.1 0.1
Taql C pSVKI1S 0.72 4,739-5,243/0-128 18.0 8.4
Kpnl-Xmnl B pSVK1H 0.80 5,171-5,243/0-294 16.2 + 1.6 8.4 0.8

¢ Transfections contained 0.05 pg of SV40 DNA I, 0.5 ng of $X174 RFI DNA, and 0.5 pg of the indicated SV40 DNA fragment per ml.
» Maps are shown in Fig. 2. The Tagl C fragment of the pSVK1S construct and the Kpnl-Xmnl B fragment of the pSVK1H construct contain the SV40 DNA se-

quences linked to 90 and 400 bp, respectively, of plasmid DNA sequences.
< Proportional increase in recombination frequency per unit fragment was

calculated as described in Table 3, footnote e. Values are the averages of 2 to 10

independent transfections. Standard deviations were calculated when three or more tansfections were performed.

are interspersed within the tandem repeats in a subset of the
recombinant population.

(i) Tandem repeat structure. To analyze a variety of
recombinant structures, a population of BSC-1 cells trans-
fected as described above was incubated until CPEs were
prominent; the virus-containing lysate was harvested and
used to infect fresh BSC-1 cell cultures from which super-
coiled DNA was prepared by Hirt extraction and by equi-
librium centrifugation in CsCl gradients. The population of
supercoiled DNA molecules (wild-type SV40 and recombi-
nants) was then analyzed by restriction digestion and gel blot
hybridization (Fig. 4). The supercoiled recombinant DNA
molecules detected by the plasmid DNA probe (lane 1) were
either equal to or smaller than wild-type SV40 DNA. After
digestion with Bgll (which cuts intact SV40 DNA or the
Kpnl-Xmnl B fragment DNA once but which does not cut
$X174 DNA), more than 90% of the plasmid DNA se-
quences were detected in small fragments (700 to 800 bp;
lane 2). An identical pattern was obtained after Clal diges-
tion (lane 3). Clal cuts the Kpnl-Xmnl B fragment once in
the plasmid DNA sector (70 bp distal from the SV40 Bgil
site; Fig. 2) but does not cut authentic SV40 or $X174 RFI
DNA. These results indicate, therefore, that the majority of
recombinant structures contain head-to-tail repeats of DNA
derived from the Kpnl-Xmnl B fragment DNA. That a
transfected monomeric SV40 ori* fragment can give rise to
molecules containing head-to-tail repeats has been reported
previously by others (62).

The head-to-tail repeat structure was also observed in
recombinant DNA populations derived from the progenies

TABLE 5. Requirement for T antigen-binding site I and adjoining
sequences for full recombinogenic potential of linear SV40 DNA“

Proportional
Kpnl-Tagql B . recombination
fragment from: Deletion” increase (AR
[ng/mi])*
Wild-type SV40 16.0 = 3.2
di1135 5,082-5,144 21.5
di1019 5,170-5,179 5.0
di1020 5,164-5,180 7.0
di1021 5,171-5,182 5.0
di1083 5,177-5,197 1.0

“ Transfections contained 0.05 pg of SV40 DNA I, 0.5 pg of $X174 RFI
DNA, and 0.5 pg of the Kpnl-Tagl B fragment derived from wild-type SV40
or the SV40 mutants per ml as indicated.

b Deletion mutants were a gift from D. Nathans. The nucleotides deleted
are as described by Pipas et al. (54) and Nathans (50). Maps of d/1019, d/1020,
dl1021, and d/1083 are shown in Fig. 2.

¢ Determined as described in Table 3, footnote e. Values are the result of 1
to 10 transfections (standard deviations were calculated when three or more
transfections were performed).

of single transfected BSC-1 cells. Single-cell yields were
obtained by seeding small numbers of transfected cells
(mixed with a large excess of untreated cells) in multiwell
plates such that each well received on the average only 10
cells that had been exposed to the DNA transfection solu-
tion. A total of 60% of the wells exhibited SV40 CPEs, and
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FIG. 3. Extent to which linear SV40 DNA enhances recombina-
tion depends on the ratio of linear to circular SV40 DNA in the
transfection mixture. (A) Dependence on the concentration of SV40
DNA I. Cells were transfected with mixtures containing 0.5 pg of
$X174 RFI DNA per ml, the indicated concentrations of SV40 DNA
I, and no linear SV40 DNA supplement (O), 0.5 png of SV40
Kpnl-BamHI A fragment DNA per ml (@), or 0.5 ug of SV40
Taql-Baml A fragment DNA per ml (). R control is the recombi-
nation frequency obtained after transfection with 0.5 pg of $X174
RFI DNA and 1.25 pg of SV40 DNA I per ml (the highest SV40
DNA I concentration tested). The recombination values obtained
from both supplemented and nonsupplemented transfections are
presented relative to R control (R/R control). The recombination
frequency measurements are derived from two to five independent
transfection experiments; error values are standard deviations cal-
culated when three or more experiments were performed. (B)
Dependence on the concentration of SV40 Kpnl-Taql B fragment
DNA. Transfection mixtures contained 0.5 pg of $X174 RFI DNA
per ml, 0.05 (A) or 0.25 (A) pg of SV40 DNA I per ml, and the
indicated concentrations of fragment DNA. Recombination values
are derived from one to five independent transfections and are
expressed as described for A above. (C) Influence of $X174 RFI
DNA concentration. Transfection mixtures contained 0.25 ug of
SV40 DNA I per ml, 0.5 pg of SV40 Kpnl-BamHI A fragment DNA
per ml (@), 0.5 pg of SV40 Tagl-BamHI A fragment DNA per ml
(), or no fragment DNA (O) and the indicated concentrations of
$X174 RFI DNA. Recombination values (presented as described for
A above) are derived from one to five independent experiments.



VoL. §5, 1985

of these, 10% produced recombinant virus genomes contain-
ing sequences derived from Kpnl-Xmnl B fragment DNA as
detected by dot-blot hybridization of the well lysates with a
plasmid DNA probe. The recombinants were then amplified
and purified as were those derived from the mass lysates
described above. The analyses of 2 of 12 independent
isolates (each derived from a different recombinant-produc-
ing cell) are shown in Fig. 5. Like those derived from the
mass lysates, the recombinants derived from single-cell
yields were of various sizes (lanes 1 and 5) and contained
tandem repeats of sequences from Kpnl-Xmnl B fragment
DNA as judged by the digestion patterns with Clal (lanes 4
and 8) and Bg/I (lanes 3 and 7). The recombinant structures
were sensitive to Bcll digestion (lanes 2 and 6). Since Bcll
cuts authentic SV40 DNA once (Fig. 1) and does not cut
either the Kpnl-Xmnl B fragment DNA or authentic $X174
RFI DNA, the tandem repeats must be linked to sequences
derived from wild-type SV40 DNA. The majority of the
recombinants present in the mass lysates were also found to
be sensitive to Bcll digestion (data not shown).

(ii) Tandem repeats are not formed by homologous recom-
bination. To determine whether the tandem repeats are
formed by homologous recombination, we constructed a

A B
1011 12
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FIG. 4. Blot hybridization analyses of recombinant genomes
isolated from a mass lysate of transfected cells. (A) Recombinant
genomes were isolated (see text) from cells transfected with 0.25 pg
of SV40 DNA I per ml, 1.0 pg of $X174 RFI DNA per ml, and 1.0
ng of Kpnl-Xmnl B fragment DNA from pSVK1H (Clal*) (lanes 1
to 3), 1.0 pg of Kpnl-Xmnl B fragment DNA from p306 (Clal™)
(lanes 4 to 6), or 1.0 pg of a 1:1 mixture of the p306 (Clal~) and
pSVKI1H (Clal*) fragments (lanes 7 to 9) per ml. Lanes 1, 4, and 7,
uncut; lanes 2, S, and 8, Bgl/l digest; lanes 3, 6, and 9, Clal digest.
Blot was hybridized with pML2K [*?P]DNA and autoradiographed
(—70°C with intensifying screen) for 24 h. Each slot contained 1 pg
of DNA. I, II, and III indicate the supercoiled, relaxed, and linear
forms of SV40 DNA, respectively; other size markers are expressed
in kilobase pairs. (B) Duplicate blot of the above hybridized with
$X174 [*>P]IDNA. Lanes 10 to 12 are the same as lanes 1 to 3 in A.
Autoradiographic exposure was for 1.5 weeks at —70°C with an
intensifying screen.
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FIG. 5. Blot hybridization of recombinant genomes isolated from
transfected cells partitioned in microwells. Cells were transfected
with 0.25 pg of SV40 DNA I and 1.0 pg of the Kpnl-Xmnl B
fragment DNA from pSVK1H per ml. The transfected cells were
partitioned in microwells, and the recombinant progeny were iso-
lated as described in the text. Lanes: 1 to 4, isolate I; 5 to 8, isolate
II; 1 and 5, uncut; 2 and 6, Bcll digest; 3 and 7, BglI digest; 4 and 8,
Clal digest. Each slot contained 1 pg of DNA. Hybridization was
with pML2K [*?P]DNA; autoradiographic exposure was for 24 h at
—70°C with an intensifying screen. Size markers are as described in
the legend to Fig. 4.

derivative (p306) of pSVK1H in which the Clal site of the
plasmid DNA section 70 bp distal from the SV40 BgllI site
was deleted (see above). BSC-1 cells were then transfected
with SV40 DNA 1, $X174 RFI DNA, and either a 1:1
mixture of p306 and pSVK1H Kpnl-Xmnl B fragments or (as
a control) the p306 Kpnl-Xmnl B fragment alone. Mass
lysate DNA populations were prepared and subjected to
restriction enzyme and blot hybridization analyses as de-
scribed above. If the tandem repeats form by homologous
recombination, individual recombinant structures arising
from the transfection with the mixture of Kpnl-Xmnl B
fragments (mixture of Clal* and Clal~ fragments) should
contain a mixture of repeat units (both Clal* and Clal™);
consequently, Clal digestion of this recombinant DNA pop-
ulation should generate a series of products, which hybridize
to the plasmid DN A probe, ranging in size from ca. 800 bp to
that of full-length SV40 DNA. If, however, the tandem
repeats are formed by a replication-related mechanism,
individual recombinant structures would be expected to
contain repeat units of the same type (either Clal* or Clal ™),
and digestion of the recombinant DNA should yield only two
classes of products containing plasmid DNA sequences:
fragments of about 800 bp (structures containing repeats that
are all Clal*) and molecules insensitive to Clal digestion
(structures containing repeats uniformly Clal~). The results
(Fig. 4A, lanes 4 to 9) indicated that most of the repeat units
are not generated by homologous recombination. After Bgll
digestion of the control group (recombinant structures aris-
ing from transfections containing only the Clal~ p306 Kpnl-
Xmnl B fragment), the expected pattern of small products
containing plasmid DNA sequences was observed (lane 5),
and as expected, all the recombinant DNA molecules were
insensitive to Clal digestion (lane 6). The recombinant
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FIG. 6. Blot hybridization of recombinant genomes isolated from
infectious center plaques. Cells were transfected with 0.25 pg of
SV40 DNA I, 1.0 pg of $X174 RFI DNA, and 1.0 pg of the
Kpnl-Xmnl B fragment DNA from pSVK1H per ml. Recombinants
were isolated from the agar overlay as described in the text. (A) Blot
hybridized with pML2K [*?P]DNA. Lanes: 1, uncut; 2, Bgll digest;
3, Clal digest. Exposure was for 24 h at —70°C with an intensifying
screen. Size markers are as described for Fig. 4. (B) Duplicate blot
hybridized with $X174 [*P]DNA; lanes 1 to 3 are as in A above.
Autoradiographic exposure was for 12 h at —70°C with an intensi-
fying screen. Each slot contained 1 ug of DNA.

structures which arose in cells transfected with the 1:1
mixture of Clal~ p306 Kpnl-Xmnl B fragment and Clal*
pSVK1H Kpnl-Xmnl B fragment DNAs displayed the ex-
pected pattern after Bgl/l digestion (lane 8); after Clal
digestion, however, most of the plasmid sequences were
detected in either small fragments (comigrating with those
generated by Bgll digestion) or in DNA structures insensi-
tive to Clal digestion (lane 9). Thus, in the majority of
recombinant structures, the sequences derived from p306
Kpnl-Xmnl DNA and those derived from pSVK1H Kpnl-
Xmnl DNA were present in separate molecules. These
results were confirmed in a repeat experiment in which
recombinant structures, amplified from single-cell yields,
were examined (data not shown). We conclude, therefore,
that the tandem repeats of sequences derived from the
recombination-enhancing linear DNA are not formed by
homologous recombination. As discussed below, we pro-
pose a replication-related process, such as the rolling circle
mode of DNA amplification (29), as the most likely mecha-
nism for the formation of polymeric head-to-tail repeated
DNA.

(iii) $X174 DNA sequences are interspersed within tandem
repeats in a subset of the recombinant population. The
technique used to transfer the recombinant DNA restriction
products from the agarose gel to nitrocellulose paper pro-
vided duplicate blots from each gel (64). One of the duplicate
blots was hybridized with the plasmid DNA probe as de-
scribed above; the twin blot was hybridized with a $X174
DNA probe to identify the presence and position of inserts
derived from ¢$X174 RFI DNA. From the analysis of the
recombinant DNA structures in mass lysates (Fig. 4B), it is
evident that most of the structures containing $X174 DNA
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sequences were sensitive to Clal digestion (lane 12) and Bgll
digestion (lane 11). Since there are no Clal or Bgll restriction
sites in authentic $X174 RFI DNA, and no Clal site in
authentic SV40 DNA, it follows that the $X174 DNA inserts
must be present in molecules that also contain sequences
derived from the pSVK1H Kpnl-Xmnl B fragment DNA.
Furthermore, the similarity of the Bg/l and Clal digestion
patterns suggests that the $X174 DNA sequences are con-
tained within the tandem repeats.

To establish at the level of individual structures (rather
than at the level of mass lysates) the presence of $X174
DNA within the tandem repeats, we mnext examined the
progeny derived from single transfected cells. $X174 DNA-
containing populations were isolated by sampling the agar
overlay at points corresponding to recombinant plaques
identified by infectious center in situ plaque hybridization
with $X174 [*?P]IDNA (77). The analysis of one of three
isolates derived by this procedure is shown in Fig. 6. Bgll
digestion generated three small products, two of which
hybridized to both plasmid DNA and $X174 DNA probes
(lanes A2 and B2). Furthermore, Clal digestion generated
identically sized products with the same hybridization pat-
tern (lanes A3 and B3). Therefore, $X174 DNA sequences
are present within two of the three tandemly arranged
segments derived from Kpnl-Xmnl B fragment DNA. Simi-
lar results were obtained in the analyses of two other
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FIG. 7. $X174 recombinants are a subset of recombinants con-
taining tandem repeats. (A) Recombination-enhancing activity of
DNA fragments containing (Kpnl-Xmnl B fragment of pSVK1H) or
lacking (Kpnl-Xmnl B fragment of pSVK1St) T antigen-binding site
1. Cells were transfected with 0.05 pg of SV40 DNA I per ml, 0.5 pg
of $X174 RFI DNA, and the indicated concentrations of the
Kpnl-Xmnl B fragment DNA of either pSVK1H or pSVK1St (see
the text). Ryx174 is the frequency of recombinant plaques detected
with $X174 [**P]DNA normalized to the frequency of virion-pro-
ducing cells; Rymiox is the frequency of recombinant plaques
detected with pML2K [*?P]DNA normalized as above. Note 10-fold
difference in the Ryx174 and Romi2k scales. Ryxi74 Was determined in
the presence of the Kpnl-XmnI B fragment DNA from pSVK1H (@)
and from pSVKI1St (W). Similarly, Romi.x Was determined in the
presence of the fragment from pSVKI1H (O) and from pSVK1ST
(0). (B) Recombination between pSVK1H Kpnl-Xmnl B fragment
DNA and SV40 DNA is inhibited at higher SV40 DNA I concentra-
tions. Cells were transfected with 0.5 pg of pPSVK1H Kpnl-Xmnl B
fragment DNA and the indicated concentrations of SV40 DNA 1.
RpmL2x Was determined as in A above. Recombination values are
derived from three independent experiments; error values are
standard deviations.
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independent agar overlay recombinant isolates (data not
shown).

The $X174 [*?P]DNA hybridization data (Fig. 4B and 6B)
do not address the question of whether $X174 DNA se-
quences are present in all the recombinant structures con-
taining tandemly repeated SV40 ori*/plasmid DNA. To
clarify this issue, cells were transfected with SV40 DNA I,
$X174 RFI DNA, and Kpnl-Xmnl B fragment DNA as
described above; then the frequency of recombinant-produc-
ing cells was determined by in situ plaque hybridization with
plasmid pML2K [*?P]DNA and, separately, with $X174
[>?PIDNA. Figure 7A shows that the number of recombinant
foci detected with the plasmid DNA probe was 10-fold
higher than the number detected with $X174 [32P]DNA,
indicating that only a minor fraction of the recombinants
contain $X174 DNA. The question then arose of whether
the generation of the recombinants which lack $X174 DNA
depends upon the same requirements described for the
$X174 DNA-containing subpopulation. To resolve this ques-
tion, we isolated the Kpnl-Xmnl B fragment of pSVK1St
which, in contrast to the same fragment from pSVKI1H,
contains a deletion affecting the A+ T-rich sequences and
adjoining T antigen-binding pentamers (A = 5,172 to 5,197)
and is thus analogous to the Kpnl-Taql B fragment of the
dl1083 mutant (Fig. 2). Figure 7A shows that the recombi-
nation activity of the deleted pSVK1St fragment was con-
siderably lower than that of the wild-type pSVK1H fragment
with respect to both recombinant populations: those lacking
$X174 DNA as well as those with $X174 DNA. Further-
more, the generation of the larger fraction of recombinants
detected with the plasmid DNA probe was influenced by the
ratio of circular SV40 DNA to linear fragment DNA in the
transfection reaction (Fig. 7B) in a manner essentially iden-
tical to that observed with the ¢$X174 DNA-containing
recombinants (Fig. 3A). Hence, the $X174 DNA-containing
recombinants constitute a subset of a larger recombinant
population containing head-to-tail repeats derived from the
SV40 ori*/plasmid linear DNA fragment.

DISCUSSION

We have shown that the addition of linear SV40 ori* DNA
to transfection mixtures containing circular SV40 and $X174
RFI DNAs enhances the frequency of SV40/$X174 recom-
bination. The key feature of the recombinant structures
arising from such transfections is the presence of tandem
head-to-tail repeats derived specifically from the added
SV40 ori* linear DNA. To explain the findings described in
this report, we propose that linear forms of SV40 DNA
containing an active origin of replication have a tendency to
enter an aberrant nontheta replication pathway (rolling circle
replication) that is associated with a high frequency of
recombination. The arguments for this hypothesis are dis-
cussed below.

Input linear DNA is not by itself the recombinogenic species.
We considered initially the possibility that linear SV40 DNA
is more recombinogenic than circular forms because of an
increased availability of free ends for end-to-end ligation.
Indeed, several reports have indicated that free ends of
DNA molecules, introduced into animal cells, undergo liga-
tion and are involved in some recombination pathways (14,
27, 38, 56, 74). Our results, however, imply that the availa-
bility of free ends is not, by itself, a limiting factor. First,
only linear molecules containing the SV40 replication origin
were more recombinogenic than circular molecules. Further-
more, linearization of the cosubstrate $X174 RFI DNA did
not alter the frequency of recombinant-producing cells.
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Second, the recombinogenic potentials of linear SV40 ori*
DNA fragments ranging in size from 700 to 3,000 bp were
equivalent on a weight basis; on a molar basis, their recom-
binogenic potential decreased proportionally with length.
Because the smaller DNA fragments contain more free ends
per mass unit, this latter observation implies that the total
concentration of free DNA ends in the transfection mixture
has little or no influence on the frequency of recombinant-
producing cells. These considerations suggested that linear-
ization of SV40 DNA enhances recombination by other
mechanisms.

Requirement for T antigen-binding site I. The sequences
required for linear SV40 DNA to display a high recombino-
genic potential are contained within a 200-bp region (nucl-
eotides 5,171 to 5,243/0 to 128) which comprises the origin of
replication (3, 22, 49), the auxilary origin sequences (3), and
T antigen-binding sites I, II, and III (20, 61, 67, 68). Deletion
of nucleotides 5,171 to 5,197 (4/1083 mutant) or nucleotides
5,171 to 5,191 (pSVKI1St construct), which eliminates T
antigen-binding site I, was found to substantially reduce the
recombinogenic potential of linear SV40 DNA. Further-
more, since mutant d/1083 DNA in the circular configuration
replicates (22) and recombines as well as does the wild-type
genome (Table 1), the deletion of T antigen-binding site I
affects only a recombination pathway exploited by linear
DNA. The function of T antigen-binding site I (the strongest
binding site) is known to be involved in the autoregulation of
T antigen synthesis (23, 33, 60). Mutants like d/1083 over-
produce T antigen (23) because of the absence of the
autoregulatory signal. We assume that binding of T antigen
to the origin region, which is required for normal SV40 DNA
replication (63, 66), is also required for the aberrant replica-
tion process which generates tandem repeats. Hence, entry
of linear DNA into replication will depend upon its ability to
compete with circular SV40 DNA for the available T antigen
molecules.

Given these considerations, the dependency of the recom-
bination frequency on the ratio of circular DNA to linear
DNA in the transfection mixture (Fig. 3A and 7B) can be
explained on the basis that with increasing concentrations of
input circular SV40 DNA, the linear DNA can no longer
compete effectively for the available amount of parental T
antigen. Linear DNA which lacks T antigen-binding site I is
at a further disadvantage since it lacks the strongest of the
three binding sites. The poor recombination-enhancing prop-
erties of linear forms of d/1083 DNA (or those derived from
the pSVK1St construct) can be ascribed to an inability to
compete effectively with circular DNA for the available pool
of T antigen molecules, which in turn decreases the proba-
bility that the linear DNA will give rise to recombinogenic
replication intermediates.

When supercoiled d/1083 DNA was used instead of super-
coiled wild-type SV40 DNA as the helper genome in
transfections containing linear SV40 DNA and $X174 RFI
DNA, higher SV40/$X174 recombination values were ob-
served (Table 1). In line with the argument developed above,
we assume that because circular d/1083 DNA overproduces
T antigen (and binds less itself), it provides the linear DNA
with a more abundant pool of T antigen molecules. Signifi-
cantly, the recombination-enhancing ability of Kpnl-linear-
ized d/1083 DNA was partly rescued by using circular d/1083
rather than wild-type SV40 DNA as the helper genome
(Table 1). Therefore, the data available at present suggest a
rather indirect role for T antigen-binding site I, i.e., indirect
in the sense that it influences the ability of linear DNA to
compete with circular DNA for the level of T antigen
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required for entry into the replication pathway that gener-
ates recombinogenic intermediates.

Recombinant structures. SV40/$X174 recombinant ge-
nomes arising from the cotransfection of circular DNAs in
the absence of linear DNA generally possess noncomplex
structures characterized by single inserts of $X174 DNA
within SV40 DNA which outside the region of the substitu-
tion is indistinguishable from the wild-type SV40 genome
(77; D. Dorsett and A. Roman, unpublished data). In con-
trast, the SV40/$X174 recombinant structures arising from
the cotransfection of circular DNA molecules supplemented
with SV40 ori* fragments as described herein exhibited a
complex array of head-to-tail repeats derived from the
recombination-enhancing ori* DNA fragments (Fig. 4, lanes
1 to 3). Using appropriate restriction markers, we showed
that the tandem repeats are not formed by homologous
recombination (Fig. 4, lanes 7 to 9) and that the tandemly
repeated structure is linked to wild-type SV40 DNA se-
quences (Fig. 5, lanes 2 and 6). A subset of the recombinant
population contained, additionally, $X174 DNA sequences
interspersed within the tandem repeats (Fig. 6). Preliminary
data (not shown) indicate that all of the $X174 DNA
sequences in a given recombinant structure are derived from
the same region of the authentic $X174 genome. In consid-
ering how such ¢$X174 DNA-containing recombinant struc-
tures might arise, two recombination events have to be
accounted for: the event responsible for the presence of
$X174 DNA in some of the tandem repeats, and the recom-
bination between the tandemly repeated DNA and wild-type
SV40 DNA.

The rolling circle replication process, which we propose is
responsible for the formation of the tandem repeats, gives
rise to an intermediate structure comprising a circular do-
main (the rolling template) and a tail of newly synthesized
tandemly repeated DNA (29). The circular portion of the
intermediate is not covalently closed. The simplest explana-
tion for the observed SV40/$X174 recombinant structures
assumes recombination between $X174 RFI DNA and the
circular template portion of the rolling circle intermediate
such that continuation of the replication process generates
tandem repeats containing both $X174 DNA and SV40 ori*
DNA. Consistent with this proposal are our preliminary data
suggesting that the interspersed $X174 DNA sequences in a
given structure are of the same type. Alternative explana-
tions assuming recombination with $X174 RFI DNA after
the formation of the tandem repeats appear less likely. For
example, recombination between $X174 DNA and the tail of
the rolling circle intermediate would require that the gener-
ation of a single interspersed recombinant structure be the
consequence of multiple recombination events with the
same region of the $X174 genome. Recombination between
$X174 DNA and the SV40 ori* DNA fragment before rolling
circle replication, although possible, would not be consistent
with our data that the availability of free ends has little or no
influence on the frequency of recombination.

The generation of the observed recombinant structures
must also involve a recombination step which links the
tandemly repeated ori* DNA to SV40 DNA sequences not
present in the ori* recombination-enhancing fragment DNA.
This step occurs at a relatively high frequency since the
number of tandemly repeated recombinant structures lack-
ing $X174 DNA is 10-fold greater than the number contain-
ing interspersed $X174 DNA (Fig. 7A). The higher fre-
quency may be due to a greater efficiency of a homologous
recombination process or to the fact that the tandemly
repeated DNA, in contrast to $X174 RFI DNA, is a repli-
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cating recombination substrate. We have no data to date
which directly bear upon this question.

Rolling circle DNA replication and recombination in the
papovavirus life cycle. Although in the normal lytic cycle
SV40 and polyoma virus DNA replications proceed bidirec-
tionally from unique origins around the circular DNA tem-
plate (yielding theta-type intermediates [69]), a fraction of
the DNA synthesized late in the replication cycle has been
observed to be tandemly repeated (28, 58). Electron micro-
scopic visualization of this DNA has revealed structures
reminiscent of rolling circle intermediates (6). Such tan-
demly repeated structures continue to be synthesized when
the more usual theta-type replication is suppressed by an
inhibitor of reinitiation (6). Recently, we have obtained
evidence that linear SV40 ori* fragments exhibit a propen-
sity for rolling circle replication (I. Deichaite, D. Dorsett,
and E. Winocour, unpublished data). We have observed that
transfection of SV40-transformed COS monkey cells which
produce T antigen constitutively (30) with an SV40 ori*
DNA fragment (the Kpnl-Xmnl B fragment of pSVK1H
[Fig. 2], which enhances SV40/$X174 recombination) leads
to the synthesis of variously sized DNA molecules made up
of head-to-tail repeats of the input DNA. Electron micros-
copy of this DNA revealed the presence of circles with tails
characteristic of rolling circle intermediates. Circularization
of the Kpnl-Xmnl B fragment DNA by in vitro ligation
before transfection led to higher levels of replication, prima-
rily by a theta mode generating covalently closed monomeric
circular DNA molecules. The question of why the linear
forms of SV40 DNA exhibit a propensity for rolling circle
replication is currently under investigation.

The rolling circle replication pathway that occurs in
papovavirus lytic infection may also promote the formation
of host DN A-substituted (26, 32, 36, 45, 52, 55, 72) and other
rearranged viral genomes (18, 26, 36, 41, 42) characterized
by head-to-tail repeats of the origin region. Because this
mode of replication usually occurs late in the lytic cycle (28,
58), its effect on recombination between transfected circular
SV40 and X174 RFI DNAs may be minimal because
degradation of the nonreplicating $X174 RFI DNA takes
place before significant amounts of rolling circle intermedi-
ates have formed. Because linear SV40 DNA exhibits a
preference for rolling circle replication, the addition of linear
ori* SV40 DNA to the transfection will result in the postu-
lated recombinogenic intermediates appearing early in the
lytic cycle at a time when the cosubstrate $X174 RFI DNA
is still available for recombination.

SV40 rolling circle replication has also been noted in
nonpermissive mouse cells (15). This may explain the fre-
quent occurrence of head-to-tail repeats in the integrated
viral genomes (8, 13, 37, 48). Head-to-tail repeats in inte-
grated polyoma virus genomes have been reported as well
2, 5, 16, 19). Cells transformed by polyoma virus DNA
capable of producing active T antigen contained inserts with
tandem duplication, whereas those transformed by DNA
incapable of producing active T antigen contained nondupli-
cated viral inserts (19). Similar results have been reported in
transformation studies with polyoma virus DNA bearing
deletions in the origin of replication (16). These observations
have led others to suggest that rolling circle replication of the
papovavirus DNA may generate intermediates with a higher
probability of integrating into the host genome (5, 7, 13, 16,
19). Interestingly, it has also been reported that linear
polyoma virus DNA is more tumorigenic than circular DNA
when directly injected into animals of a susceptible species
o, 35).
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The infectious center in situ plaque hybridization assay
(24) which we used to compare the recombination pathways
pursued by circular and linear forms of SV40 DNA detects
only those recombinant structures which retain an active
origin of replication and which are of a size commensurate
with SV40 encapsidation restrictions. Therefore we cannot
exclude the possibility that linear SV40 DNA may, in
addition, recombine by other mechanisms (including end-to-
end ligation), generating products that would not be detected
under our assay conditions. Nevertheless, the parallels
between the observations on integrative recombination noted
above and the extrachromosomal recombinations reported
in the present study are striking and suggest that the postu-
lated recombinogenic intermediates of rolling circle replica-
tion are responsible for a variety of recombination events in
animal cells infected with papovaviruses.
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