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Linear simian virus 40 (SV40) DNA molecules of genome length and DNA
fragments smaller than genome length were prepared with restriction en-
donucleases and tested for transforming activity on primary cultures of
baby rat kidney cells. The linear molecules of genome length (prepared with
endonucleases R-EcoRI, R-BamHI, and R-Hpall or R-Hapll), a 74% fragment
(EcoRI/Hpall or Hapll-A), and a 59% fragment (BamHI/Hapll-A) could all
transform rat kidney cells with the same efficiency as circular SV40 DNA.
All transformed lines tested contained the SV40-specific T-antigen in 90 to
100% of the cells, which was taken as evidence that the transformation was
SV40 specific. The DNA fragments with transforming activity contained the
entire early region of SV40 DNA. Endo R Hpal, which introduced one break in
the early region, apparently inactivated the transforming capacity of SV40 DNA,
since no transformation was observed with any of the three Hpal fragments
tested. Attempts were made to rescue infectious virus from some of the trans-
formed lines by fusion with permissive BSC-1 cells. Infectious virus was only
recovered from the cells transformed by circular form I DNA. No infectious

virus could be isolated from any of the other types of transformed cells.

We reported recently that rat and mouse cells
can be transformed by DNA of simian virus 40
(SV40) by the calcium technique (2). This
technique appears to be particularly suitable for
demonstrating transforming activity of DNA of
several viruses, such as adenoviruses (10),
herpesvirus (29), and BK virus (J. v. d. Noordaa,
submitted for publication). It was observed
that transformation could be obtained not only
with intact adenovirus 5 DNA but also with
fragments of the DNA (11). The latter result
indicated that the integrity of the adenovirus
DNA is not required for transformation, al-
though it is essential for infectivity, and it
suggested the possibility of isolating a specific
DNA fragment with transforming potential.
By using bacterial restriction endonucleases,
we recently succeeded in isolating a small
specific fragment of adenovirus 2 and 5 DNA,
which represents 7% of the genome (molecular
weight 1.6 x 109 and which apparently contains
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the information necessary for inducing and
maintaining transformation in cultured cells
(8). The availability of such DNA segments
with transforming potential will provide several
possibilities for studying the viral genes in-
volved in the process of transformation.

In the case of SV40, studies with temperature-
sensitive mutants have indicated that one class
of mutants, the only early complementation
group A, is defective in initiation and pheno-
typic expression of transformation (5, 18, 24,
27), suggesting that only one viral gene is
involved in these processes. Studies with non-
defective adenovirus 2-SV40 hybrids have
shown that different SV40-specific nonstruc-
tural antigens are expressed depending on the
size of the SV40 DNA segment present in the
adenovirus genome (17, 21). Thus the question
arises of whether the whole early region of SV40
is required for transformation or only a part of it.

To determine which part of the SV40 genome
is required for transformation, we isolated
specific fragments of SV40 DNA and tested
their ability to transform primary baby rat
kidney (BRK) cells. It will be shown that
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linearized SV40 DNA molecules of genome
size as well as fragments of the DNA are
capable of transforming cells with an efficiency
comparable to that of circular DNA. Pre-
liminary results of this study were reported
elsewhere (8).

MATERIALS AND METHODS

Virus and viral DNA. SV40 virus, clone 307 L,
obtained from S. Kit, was grown in confluent
monolayers of BSC-1 cells at an input multiplicity
of about 10-2 PFU/cell.

Viral DNA was extracted from infected cells by
the Hirt procedure (13) and was purified by at least
two cycles of banding in CsCl gradients (density
1.56 g/cm?® containing 200 ug of ethidium bromide
per ml.

Only the form I DNA in the denser band was
used. All viral DNA preparations were usually lightly
labeled with [*H ]thymidine (1.5 x 10® to 5.0 10°
counts/min per ug of DNA).

Assay of transforming activity. The transforma-
tion assays were carried out on primary kidney cell
cultures of 6- to 7-day-old Wistar rats, as described
previously (2, 9). These cells are further designated
BRK cells.

Cleavage of SV40 DNA with restriction en-
donucleases. Restriction endonuclease EcoRI was
isolated as described before (20). Incubations were
carried out in 90 mM Tris-hydrochloride (pH 7.9) and
10 mM MgCl,.

Endonucleases R-Hpal and Hpall were isolated as
described by Sharp et al. (26). The incubation
mixtures used for these enzymes were as follows: for
Hpal, 30 mM Tris-hydrochloride (pH 7.6), 5 mM
MgCl,, 100 mM KCl, and 1 mM B-mercaptoethanol
(B-ME); for Hpall, 10 mM Tris-hydrochloride (pH
7.6), 10 mM MgCl,, 6 mM KCl, and 2 mM 8-ME.

Endo R-Hapll, an isoschizomer of endo R-Hpall,
was used in some experiments to replace endo
R-Hpall. The enzyme was isolated according to M.
Takanami (in A. L. Laskin and J. A. Last, ed.,
Methods of Molecular Biology, in press), and the in-
cubation mixture contained 100 mM Tris-hydro-
chloride (pH 7.6), 70 mM MgCl,, and 70 mM g-ME.

Endonuclease R-BamHI was purified according to
G. Wilson and F. Young (manuscript in preparation).
Incubation with this enzyme was carried out in 6 mM
Tris-hydrochloride (pH 7.6), 6 mM MgCl,, 15 mM
KC}, and 6 mM B8-ME.

After incubation with a restriction endonuclease,
the extent of conversion was monitored by electro-'
phoresis in 1.5% agarose gels, using superhelical and
nicked circular SV40 DNA as markers.

The DNA solutions were deproteinized by extrac-
tion with chloroform-isoamylalcohol (24:1), and the
DNA was fractionated by electrophoresis in 1.5 or
3% agarose gels. To obtain a double digest, the DNA
solution was deproteinized after the first endonuclease
digestion, and either the solution was dialyzed over-
night in the buffer for the second enzyme or the DNA
was precipitated with ethanol and redissolved in the
second incubation buffer.
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Incubations with S1 single-strand-specific endo-
nuclease were carried out for 10 min at 37 C in 30
mM sodium acetate buffer (pH 4.6), 300 mM NaCl,
1 mM ZnSO,, and 5% glycerol. The reaction was
terminated by addition of Tris-hydrochloride (pH
8.1) and EDTA to final concentrations of 100 and
10 mM, respectively. The DNA solution was de-
proteinized by digestion with 20 ug of proteinase-K
(Merck) per ml, followed by extraction with chloro-
form-isoamyl alcohol (24:1) and dialysis in 0.1x
SSC (SSC = 0.15 M NaCl plus 0.015 M sodium
citrate).

Gel electrophoresis. DNA fragments were purified
by electrophoresis in cylindrical or slab gels of 1.5 or
3.0% agarose (Sigma Chemical Co., electrophoresis
grade) (22). The DNA bands were visualized by
staining the gels in a solution of ethidium bromide
(0.5 ug/ml) in electrophoresis buffer and illuminating
with a long-wave UV lamp (1). The DNA was ex-
tracted from the agarose as described elsewhere (22).

Immunofluorescence. Transformed BRK cells
were grown on cover slips, fixed with cold acetone,
and tested for the presence of SV40-specific T-antigen
by the indirect immunofluorescence method (25),
using serum from tumor-bearing hamsters and
fluorescein-isothiocyanate-conjugated swine anti-
hamster serum.

Rescue of SV40 from transformed cells. Trans-
formed cells were fused with permissive BSC-1 cells
by using B-propiolactone-inactivated Sendai virus
(28) in order to rescue SV40. For each experiment,
approximately 10® BSC-1 cells and 10°® transformed
cells were used. The extent of fusion was monitored
by growing a small aliquot of the cells on cover slips
and counting the percentage of bi- and multinucleated
cells after fixing and staining with Giemsa. The fused
cells were incubated at 37 C for 11 to 14 days. The
cultures were then freeze-thawed and tested for the
presence of infectious virus by plaque titration on
BSC-1 cells.

Electron microscopy of DNA. Electron micros-
copy of DNA was carried out according to a modifi-
cation of the Kleinschmidt protein monolayer tech-
nique (3).

RESULTS

Transformation by linear SV40 DNA mole-
cules of genome size. It has been shown that
fragments of adenovirus DNA can transform
primary BRK cells. These results suggested
that it might similarly be possible to isolate a
fragment of SV40 DNA with transforming ac-
tivity. Obviously, this would only be possible if
linear SV40 DNA molecules can transform cells.
To investigate this, linear molecules of genome
size were prepared by incubating form I SV40
DNA with restriction endonucleases that intro-
duce one double-stranded break per DNA
molecule. The following enzymes were used for
this purpose: endo R-EcoRI, which introduces
one cleavage at a position defined as 0 (20, 23);
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endo R-BamHI, which cleaves at 0.15 (Mulder
and Greene, unpublished data); and endo R-
Hpall and Hapll, which both cleave SV40 DNA
at 0.74 (26). The linear molecules were separated
from residual circular molecules by electro-
phoresis in 3% agarose gels and the DNA, re-
covered from the agarose, was tested for trans-
forming activity on BRK cells.

Cleavage of DNA by endo R - EcoRI results in
the formation of short single-stranded ends with
a complementary base sequence (12, 19). There-
fore, the possibility existed that some molecules
would be converted to circular molecules as a
consequence of ligase activity within the cell.
This mechanism was used to explain the ob-
served low infectivity of EcoRI linear SV40
DNA (19). To prevent recircularization, the
EcoRI linear molecules were treated with single-
strand-specific S1 endonuclease. The effective-
ness of this treatment was tested by spreading
the linear molecules for electron microscopy
before and after treatment with S1 at 0 C.
The results indicated that without S1 treat-
ment the majority of the molecules occurred as
relaxed circles, whereas after treatment with
S1 endonuclease only 2 to 3% were found as
circles. In addition, no infectivity was found in
the S1-treated DNA preparation.

BamHI linear molecules were not treated with
S1 endonuclease; therefore it could not be ruled
out that in this case some of the cells were
transformed by recircularized molecules. This
is not very likely, however, since no relaxed
circular molecules were observed either by
electron microscopy or by electrophoresis at 0 C,
possibly due to a slight contamination of the
endo R-BamHI preparation with a single-
strand-specific nuclease. Linear molecules pro-
duced by endo R-Hpall were similarly not
treated with S1 endonuclease since the single-
stranded ends produced by this enzyme consist
of only two nucleotides.

The cleavage sites of the three restriction
endonucleases are shown in Fig. 1, and the
results of the transformation assays with the
linear SV40 molecules of genome size are
presented in Table 1. It can be seen that all
the three types of linear molecules had approxi-
mately the same specific transforming activity
as the circular SV40 DNA molecules.

Transformation by SV40 DNA fragments.
The positive results that were obtained with
linear DNA molecules suggested that smaller
fragments of SV40 DNA could transform cells.
First, fragments were made by incubating SV40
DNA with two enzymes that each cleaved the
DNA only once. Thus, successive cleavage with
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Fic. 1. Map of the SV40 genome showing the cleav-
age sites of endonucleases R EcoRI, BamHI, Hpal, and
Hpall (or Hapll). The positions of the R-Hpal and
Hpall (Hapll) cleavage sites are taken from Danna et
al. (6) and Sharp et al. (26). The position of the
R-BamHI cleavage site has been determined by
Mulder and Greene (unpublished data), and the
position of the replication origin has been deter-
mined by Fareed et al. (7). The location of the
early region, indicated by the dashed line, is taken
from Khoury et al. (14, 15).

endo R-EcoRI and Hpall (Hapll) yielded two
fragments, A and B, of 74 and 26%. These were
separated, purified, and tested for transforming
activity. Similarly, a 41% and a 59% fragment
were obtained by digesting SV40 DNA succes-
sively with endo R-BamHI and Hapll. SV40
DNA was also cleaved by endo R-Hpal into
three specific fragments (20, 38, and 42%, re-
spectively) (see Fig. 1).

The results of the transformation assays with
these SV40 DNA fragments are also shown in
Table 1. As can be seen, the 74% EcoRI/Hpall
(Hapll) A and the 59% BamHI/Hapll A frag-
ments were both capable of transforming pri-
mary BRK cells with approximately the same
efficiency as circular DNA. No activity was
found with any of the other fragments.

Presence of SV40-specific T-antigen. Sev-
eral transformed colonies, which appeared in the
cultures infected with the linear SV40 DNA
molecules and with the 59% BamHI/Hapll A
and the 74% EcoRI/Hpall A DNA fragments,
were isolated and established as cell lines. Two
or three cell lines of each type were tested
for the presence of SV40-specific T-antigen by
indirect immunofluorescence. All cell lines
tested were found to contain the nuclear
fluorescence characteristic for SV40 T-antigen
in approximately 90 to 100% of the cells.

Attempts to rescue infectious virus from
transformed cells. To investigate whether
infectious virus could be rescued from cells
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TaBLE 1. Transforming activity of SV40 DNA and
DNA fragments
Avg
ug of no. of
SvaoDNA  DNAMish g oy foci/ugof
(genome genome
equivalent) equiv-
alent
Form I° 0.5 18,13, 12 28.7
1 30, 26, 20 25.3
2 40, 43, 40 28.5
4 85, 75, 74 19.5
EcoRl linear® 0.5 14,18,11 28.7
1 15, 30, 13 19.3
Hpall linear 0.5 10, 13 23
BamHI linear 1 45,30 37.5
2 37,40 19.2
EcoRV/Hapll A 1.3 14, 15,17 11.8
74% fragment
EcoRI/Hpall A 1 12,13 12.5
74% fragment
EcoRI/Hpall B 2 0,0 0
26% fragment
BamHI1/Hapll A 1 22, 26 24
59% fragment 2 25, 46 17.7
4 67, 43 13.7
BamHI/Hapll B 1 0,0 0
41% fragment 2 0,0 0
4 0,0 0
Hpal
Fragment A 1,4 0,0 0
(42%)
Fragment B 1,4 0,0 0
(38%)
Fragment C 1,4 0,0 0
(20%)

sData taken from Abrahams and van der Eb (2).
® EcoRI linear was treated with single-strand-spe-
cific S1 endonuclease.

transformed by the linear SV40 DNAs and the
DNA fragments, one cell line of each type was
fused with permissive BSC-1 cells, using in-
activated Sendai virus as fusing factor. One day
after fusion, the percentage of bi- and multi-
nucleated cells in the cultures was 70 to 80%.
After an incubation of 11 to 14 days at 37 C
the cultures were tested for the presence of in-
fectious virus by direct plaque titration on
BSC-1 cells. Infectious virus could only be
rescued from the cell line transformed by form
I SV40 DNA (Table 2). No infectivity was
found in any of the other fused cultures. Al-
though no infectious virus could be detected, a
cytopathic effect was observed in the cells
transformed by the EcoRI and Hpall linear
DNAs and by the 74% EcoRI/Hpall (or Hapll)
A fragment, after fusion with BSC-1 cells
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(Table 2). This cytopathic effect was similar to
that observed after a lytic infection of BSC-1
cells with SV40, or after fusion of BSC-1 cells
with BRK cells transformed by form I SV40
DNA. The cytoplasmic vacuolization in the
fused cultures was detected 8 to 11 days after
fusion.

DISCUSSION

The results presented here show that
linearized SV40 DNA molecules and specific
DNA fragments, prepared by cleavage of SV40
DNA with restriction endonucleases, can trans-
form primary BRK cells with the same ef-
ficiency as circular SV40 DNA. The presence of
SV40-specific T-antigen in all transformed cell
lines tested and the fact that the transformed
foci were found to be morphologically in-
distinguishable from colonies obtained by trans-
formation with intact virus were taken as
evidence that the observed transformation was
SV40 specific.

The question may be asked whether the
transformation observed in the cultures infected
with the linearized SV40 DNA and with the
DNA fragments is indeed caused by these
molecules and not by contaminating circular
molecules. Three observations argue in favor of
transformation by linear molecules. First, the
efficiency of transformation by the linear DNAs
is approximately the same as that of circular

TABLE 2. Rescue of SV40 virus from transformed
BRK cells by fusion with BSC-1 cells

A - .
Transformed line® a:z:ao‘; Infgctl(c)us
CPE® virus'
BRK SV form I + +49
BRK SV EcoRl linear + -
BRK SV Hpall linear + -
BRK SV BamHI linear - -
BRK SV EcoRI/Hapll 74% frag- + -
ment
BRK SV EcoRI/Hpall 74% frag- + -
ment
BRK SV BamHI/Hapll 59% - -
fragment

2 Primary BRK cells transformed by circular form I
SV40 DNA, linearized SV40 DNA, and SV40 DNA
fragments.

®Fused cultures were checked at regular intervals
for the appearance of a cytopathic effect (CPE). CPE
was usually detected after 8 to 11 days.

¢ Cultures were tested for the presence of infectious
virus by plaque titration on BSC-1 cells.

42.3 x 10® PFU/ml of culture fluid.
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DNA, indicating that the transforming activity
observed for the linear DNAs is probably not
caused by a (minor) contamination with circular
DNA. No detectable contamination with cir-
cular DNA was found by electrophoretic anal-
ysis; therefore, if any circular DNA was present,
it must have been less than 2%. Second, no
infectious virus could be rescued from any of
the cell lines transformed by linear DNAs.
Finally, measurements of the viral DNA se-
quences present in transformed cells by re-
association kinetics have shown that cells trans-
formed by the 74% EcoRI/Hpall (or Hapll) A
fragment contain only that fragment or part of it
(Sambrook, Abrahams, and Van der Eb, manu-
script in preparation).

The linear DNA molecules and the specific
fragments with transforming activity were pre-
pared with the restriction endonucleases EcoRl,
BamHI, and Hpall or Hapll. The finding that
cleavage with these endonucleases does not
inactivate the transforming activity implies that
these enzymes do not cause a break in a posi-
tion of the DNA that is essential for transforma-
tion. Figure 1 shows that all three enzymes
cleave SV40 DNA in the late region and that the
two DNA fragments with transforming activity
(the 74% EcoRI/Hpall [Hapll] A fragment and
the 59% BamHI/Hapll A fragment) both contain
the entire early region. These results correlate
with those of Khoury et al. (15) and Botchan
et al. (4), which show that only early SV40
mRNA sequences (and in some cases also some
anti-late mRNA) are transcribed in SV40-
transformed cells. They also agree with studies
on temperature-sensitive mutants, which indi-
cate that the transformation-defective class A
mutants map in the early region (16).

The observed lack of transforming activity in
the three Hpal fragments was not unexpected
since this enzyme introduces one break in the
early region in addition to two breaks in the
late region (6). Of course, this does not prove
that the whole early region is essential for
transformation; more work is needed to clarify
this point.

Table 1 shows that the efficiency of trans-
formation of the linear SV40 DNA molecules
and DNA fragments is approximately the same
as that of circular DNA. This result raises the
question of which mechanism causes the in-
tegration of the circular and linear molecules,
assuming that the viral DNA indeed integrates
into the cellular DNA during induction of
transformation. It is often speculated that a
circular DNA structure would be the most ef-
ficient intermediate for integration since only
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one reciprocal crossing-over would be required.
The finding that linear SV40 DNA transforms
with approximately the same efficiency as circu-
lar DNA could mean that both types of mole-
cules integrate via a similar mechanism.
Whether this involves a circular or a linear
structure (or both) is still an open question,
although it is not clear how a DNA fragment
could efficiently circularize.

After fusion of the various types of trans-
formed cell lines with permissive BSC-1 cells,
infectious virus could only be readily rescued
from the lines transformed with circular form I
DNA. The method used to detect infectious
virus consisted of a direct plaque titration of
the frozen and thawed fused cultures on BSC-1
cells; thus it cannot be excluded that very small
amounts of infectious virus were produced in
the negative cultures, which would have been
detected only after blind passages in permissive
cells. In fact, it would not have been surprising
if infectious virus was rescued from some of the
lines transformed with linear molecules of
genome size. More extensive tests to rescue
virus from such transformed cells are in pro-
gress.

The observation that a cytopathic effect,
resembling the SV40 cytopathic effect, appeared
in some of the fused cultures can be explained
in several ways. First, the effect may have been
caused by a factor not related to SV40. Alter-
natively, it may have been a consequence of
expression of some late SV40 function(s) from
the integrated DNA, or by replication and ex-
pression of excised viral DNA. The fact that
all the linear DNA molecules and DNA frag-
ments with transforming capacity contain the
origin of DNA replication as well as the whole
early region might enable them to replicate.
This point is presently under investigation.

In summary, we have shown that linear SV40
DNA molecules of genome size as well as spe-
cific DNA fragments can cause transforma-
tion of primary BRK cells. The smallest frag-
ment with transforming capacity represents 59%
of the genome, and this is only approximately
20% greater than the early region. Further work
is in progress to identify the segment of SV40
DNA that is minimally required for transforma-
tion.
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